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NATIONAL ADVISORY COMMITTEE FOR AERONAUTICS

TECENICAL NOTE KO. 748

PRINCIPLES, PRACTICE, AND PROGRESS OF
NOISE REDUCTIOR IY AIRPLANES

By Albert London
I. INTRODUCTION

A decade ago, the air travelerl!s only protection azainst
the deafening din of noise was the cotton plug which he
could irsert in his esar. HNothing speaks more eloguently for
the mrogress which has been achieved in guieting the alr-
nlane than the fact that in nizght travel on certain ailr
lines, passengers must be cautioned to speak quietly in
order that those aslesp be not disturbed.

This transition from "coiton »pluz" to "Quiet, please,!
has only been possible of attainment dy a full application
oY the vrinciples of acoustics. The invesgtizators in this
field have had to consider many and divers topiles. To
name a few: What are the principal sources of noise in
the airplans, and how may ther be reduced or eliminated?
Hor may we measure noise? What ig the relationghip bdetween
the purely physical attridbutes of noise and the physiolog-
ical reaction of the ear to thls .stimulus? How nay the
filtration of noise inte the airvlane cabin be reduced
br proper attention to constructional details, =rd how can
this be accomplished with a minimum of weizht? What syste—
matlc procedure suould be used in carrying out this quist-
ing nrocess?

It igs the purpose of thisg maper to review tiae body of
knowledge wihtich has been accumulated in thisg field. Sve-
cinl attention will be paid to effective socundproofing
schemes, and all the data available in the published liter-
ature on this subject will be gliven.

II. THE JATURE OF SQUJD AND ZEARIIG

Most of us are familiar with the fact that whenever
we hear a sound, we usually find that the source is a vi-
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brating body of some kind. TWhen the body is set in motion,
the laver of alr next to it takes on an exactly similar
motion. Thig disturbance is then handed on from one layer
of air particles to the next-, until it ultimately reaches
the ear.

An exactly similar process occurs when a stone is
thrown into water. Here, there 1s visual evidence of a
wave traveling outward from the center of the splash.
However, to make our analogy agree more closely with what
is actually happening in a -sound wave, we should have %o
contrive, in some way, to have a numBer of crests emitted
from the center of the disturbance perjodically. Perhaps
we might have a large number of stones and drop them in
the water at the rate of, say, one a second. Then, every
second a new crest would travel outward and the wave could
be said to have a "freguency" of one crest per second.

The distance between two adjacent crests is known as the
wave length and, evidently, in this case it is ecual to
the distance the wave travels in one second. In general, e
for any wave notion, the following relation 1s true:

Velocity of wave motion = frequency X wave length

In the gsimple sound source, the tuning fork, an analo-
gous phenomenon takes place. Here the vidvration of the
prongs of the fork causes a wave motion in the air which
is perceived as a sound by the ear. The frequency of the
sound wave 1s egqual to the number of vidbrations which the
prongg of the fork make per second, and is said to be so
many cycles per second. If the fork vibrates a large num-
ber of times per second, we say its pitch is high; if only
o few, its pitch is low. Thus, the hizhest note a stand-
ard pland produces i1s about 4,600 cycles per second, where-
asg, the lowest is about 30 cycles per second. '

The tuning fork is a simple source of sound, only one
frequency corresponding to its motion. There exist more
complex sources, in which several freguencles are present.
Thus, if two keyvs on a piano be struck, the air particles
must vidbrate as a result of both frequencies. Imagine how
complex must be the dance of the air rarticles under the
influence of a symphony orchestra where numerous frequen-
cies from R0 to 10,000 cycles per second are present. In
the more complex sound sources three typess of frequency
distributions are evident: 1) The frequency spectrum has
only a discrete number of frequencies present; 2) a con- v
tinuous distridbution of freguencies is present; 3) a com-
binaulon of 1) and 2) consisting of both a contlnuous and
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A discrete frequerecy spectrum. Noise usually contains a
large number of frequencies, having a spectrum which may
fall under any one of these thrce clagsses,

There are many ways in which the investigator may an-
alyze different sounds to find the coustituent freguencies,
ifogt of the methods in general use operate on a selective
tuning vrinciple, in which the instrument resvonse is a
maximum at one definite frequenecy. -To cover a wide range
of notes, the frequency of maximum response is made vari-
able in a prescribed fashion so that the frequencies pres—
ent in the dnalyzed sound may be readily determined from
the setting of the ingtrument, For example, one commer-—
clal form of this type of dsvice, the wave analyzer, has
as its essential element a crystal which will resvond %o
one frequency only, say £50,000 cycles per second., If a
sound wave of 10,000 cycles per second is picked up by a
microbhone, and the electricel current so Senerated is am-—
plified, and then vpassed through the analyzer, 1t is pos-
sible to get a response only by somekdw stepping up the
10,090-cycle note t0.50,000! To do this, the instrument
is provided with an oscillator whlch can Zenerate a wave
o any frequency desired. 3By the well-known heterodyne
effect, if a frequency of 492,000 cycles per second be com=
tined with a frequency of 10,000 cycles per second in the
broper way, we g6t as a result, the sum and difference of
the two frequencies, i.e., %9,200 and 50,200 cycles per
second.. The 30,000 note may be suppressed and the 592,000
note passed through the crystal filter., The dial, which
controls the frequency of the local oscillator, may be.
calibrated to read 10,0C0Q cycles per second directly.

There is another type of analyzer commonly in use, in
7hlch an electrical circuit is used which will pass a
given band of frequencies only. For example, it may pass
all the frequencies in the octave between 512 and 1,024
cycles per second and reject all others. This type of de-
vice is known as a band-nass filter. 3y having a number
of these band-pass filters, a frequency analysis to covar
any desired range may be obtalined.

Any sound, in addition to having some definite fre-
quency spectrum assocciated with i}, possesses one other
lmportant physical attridute, namely, intensity. To re—
turn to our tuning fork, if the prongs be tapved harder,
more energy will be imparted to the vibrational motion,
and the excursions of the prong from its rest position
will be larger. -It can be readily shown that the energy
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associated with the motion of the fork is proportional to
the square of 1ts amplitude (the maximum displacement from
the equilibrium position)., 4 larger amplitude is imparted
te the air partiecles, which, since they have a motion sim-
1lar to that of the fork, therefore have an enerzy also
proportional to the square of their amplitude. The maxi-
mum velocity of the air particles and the maximum pressure
built up in the sound wave may both be shown to be Propor-—
tional to the amplitude, so that the energy in a gsound
wave depends on the square of the.particle velocity or of
the prersure of the wave. By the term "intensity," we
mean the total amount of sound energy which flows through
unit area normal to the direction of propagation of the
weve in one second. The units of intensity are, thereo-
fore, watts ver square centimeter. However, to express
sound intensitiecs or energies, almost exclusive use 1s
made of the decibel scale.

The decibel scale first came into use in telephony
and electrical communications work, where it was desired
to have a convenient way to express the ratio of two dif-
ferent values of such electrical guantities as current,
voltage, or power. The detibel difference between two

P\.
vowers, P and Py, is defined as 10 log,, EL)' Sincse

the nower developed in a resistance R,, by a current I,,
. . . v,2

is P, = Il8 R,, or by a voltage v, is P, = §l~s we
: 1

have:
Decibel differenhce betwsen %_ and B, =

’ 1,2 R : v,2 B,
= 10 log,, @-} = 10 log,, <—1———1— = 10 log,, (=2=—2) (1)
a .

1.2 Ry v, 2 le

If R; havpens to be equal to Ry, we have!

. . I.\2 VN2
Decibel difference = 10 log, , f_> = 10 log, 4 5—)
as . 2
I ) v
= 20 log10 <E£> = 20 lo%':Lo ?l> (2)

Thus, in sound measurements, the decibel difference between

. E .
two sounds-is given dy 10 log,, Ei where K, and B,

2
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are the energies of the resmective waves, Since the ener-
5¥ in 2 sound wave is provortional to the square of the
sound pressure or particle velocity, we have:

E ». v
10 logy, 3= = 20 log,, == = 20 log = (3)
i 2 : DPa a

waere p and v revresent sound pressure and particle
veloclty. ’ -

~ The decibel scale has several advantagfes which, how-
ever, we can more intelligently discugs after we have con-
sidered some of the. phenomena associated with hearing.

The ear is a remarkably sensitive mechanism. 4% the
lower limit of audibility . (for the freguency of maximum
sensitivity) it is possible for the ear to detect a motion
of air particles which have nu amplitude of only one-~ .’

billionth of & centimeter (1079 em). If one remembers.
that molscular dlmensions are of the order of magnitude of

12 times 28 uch, 1, e., 1778 centimeter, it becomes evi-
dent how extraordinarllr sengitive the ear is. On the
other hand, at the uopper limit (for this same fresquency of
maximum sensitivity), sounds abvout one million million
times as intense can be heard. The ear has a range there-

fore of.about 102 in energy. In decibels this range can

be expressed as 10 log,, 1022, which is 122 decibels.

That is, the sound level at the upper limit of audibility

is 127 decibels above the sound level a2t the threshold of

audibility. The declbel scale ig, therefore, a compressed
gscale telescoping a ratio of 1 to lOlh in enersy into O to
120. decibels.

Since & sound level in decibels really states how
ruech more intense one sound is 28 compared with another,
it i< always necessary to know what the intensity of the
reference sound is. The standard reference level has been
de’ined by the American Standards Association as the lnten-
ity of 107'6 watts per square centimeter. This corre-
. sponds to a root-mean-square vressure of 0.0002 aynes per
square centimeter in a nlane progressive sownd wave.

*Gther reference levels have b=en in use prior to the adop-
tion of this standard. Ozne common level in use, ‘ssvecial-
Iy in airplane noise measurements, has been the intensity
of & wave having a root-mean—sqguaré pressure of 0,021l dyns
rer square centimeter (1 millibar). Readings in decibels
with thie latter reference level are 13.8 db lower tlan
those referred to the standard reference level. In this
paver =21l levels, unless otherwise stated, are referred to
197 ratts per sa. cm.
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With this as a reference level, figure 1 gives some idea
of the relation between the decibel scale and the sensa-
tion perceived by the ear.

Of more immediate interest for our purpose, is the
range of levels found in moving vehicles. Table I, which
has been adapted from Zand (reference 32), gives the lev-~
els to be found in different types of transportation plus
the associated subjective measure of the degree of com-
fort experienced,

The decibel scale is strictly a physical scale for
intensity measurements. However, of primary interest is
the sensation which is perceived by the ear as a result of
the physlcal stimulus. The psychological reaction of the
individual varies from person to person, so that in order
to formulate the relationship exigsting between the physi-
cal stimulus and psychological sensation, 1t is necessary
to investigate a large number of ears before any conclu-
sions may be asgcertained about the average earT.

It is found in this way that the sensation is a rath-
er complex function of the intensity and frequency. For
example, it was degired to ascertain when two different
notes sounded equally loud to an observer. To do this,
gsounds of two frequencies were compared. One had a fre-
guency of 1,000 cycles per second, and the observer was
allowed to change the intenslty of the other frequency un=
til Toth notes were equally loud. Proceeding in this man-
ner, a large number of different tones could be matched in
loudness to the standard reference tone of 1,000 cycles.
Fizure 2, which is the result of the work of Fletcher and
Munson (reference 2), gives the result of such measure-
ments.

These curves have the following meaning: If we ge-
lect one of the contours, say that numersed 50, then zll
vroints on it represent notes which are equally loud.

Thus, a 100~cycle note of 67-decibel intensity level,
sounds as loud as a 1,000-cycle note of 50-decibel inten~
sity, or a 7,000-cycle note of about 60-decibel intensity.
The lowest curve is the threshold of nearing. It gives
the intenslity level at which the average normal ear can
Just hear, at all the frequencies from about 25 to 15,000
cvcles per second. The upvermost curve is the upper lim-
it to hearing, the gso-~called "threshold of feeling." Phe-
nomenologically, it is found that with sounds of this in-
tenslty, the sound is not only heard but there is alsc an

*At end of revort.
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additional sensation:of "feeling.," The actual sensation
varies with frequency. At the lawer frequencles a fesling
of -vibration is expverienced, while gt the higher frequen-
cies, the feeling is orne of pain. Thus, the ares includ-
ed between the two extreme contours gives the region over
which gudition is posgsibdble.

, The intensity level of zero decibels is set %o coin=
clde approximately with the tihareshold of hearing at 1,000
cycles, It will be.noticed, however, that the ear is most
sensitive at about 3,600 cycles, The numbers onrn the con=
tours are numerically equal to the intensity level of the
1,000-cycle note to which 51l notes on this.contour are
equated in loudness, snd ars known as loudness levels,
Since a loudness level is not a strlctly physical quantity,
but rather a measure of the sensation recorded by the ear,
it becomes inappropriate to use the decibel as the unit of
loudness level. TFor this usage, the term "phon"™ has beén -
accepted. However, it will be found in the literature
that declibels are still sometimes used interchangeably with
Phons. For examvple, if a sound has a loudnegss level of 70
Phons, it 1s equal in loudness to a 1,000~cycle note of
70-decibel intensity. Hence the louduness level is sald to
be 70 decibels.

There are several other important features about the
contours which should be pointed out. From about 500 cy-
cles and up, the contours are anproximately equally d&is-
nlaced from one arother, s L0-decibel increase in intensity
corresponding to a lO-phon increase in loudness level.
This is not so for the lower freguencies,. .as the curves
crowd together at the lowser end. Thus, & small drop in
intensity measns a much larger drov in louwdness. For ex-
anple, 1f we have a 100-cycle tone with a level of 120
decibels, and we drop the level vy 62 decibels, the sound
Just bvecomes inaudible, whereas a 82-decibel drop in a
1,000-cycle note would still be plainly audible, having a
loudness level of 38 phons.

Thig phenomenon has fortunate consequences in the
sound insulation of airplane cabins. The largest contri-
bution to alrplane noise is made by the low frequencisesj -
furthermore, the low freguencies are the most difficult to
reduce in intensity. Thus, tae ear comes to the rescue,
ingsmuch as it willingly accepts a much lower erersy dim-—
inution in the low frequencies than it will in the higher
frequencies. We shall refer "aZain tb this polnt when we
discuss sound insulation. :
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The loudness level contours may be plotted in a dif-
ferent way with frequency as the parameter. Such a rep-
resentation is figure 3 (reference 2). These curves gilve
the loudness lesvel versug the intensity level, each curve
being valid for the frequency g£iven on the curve. It will
be noted that for a large range of. frequencies, from about
ZN0 to 4,000 cycles per second, the loudness level is an-
proximately proportional to the intensity level, and fur-
thermore, they are both very roughly equal to each other
to within ordinary engineering accuracy. At the lower
frequencles, the proportionality bebtween loudness level
and intensity level is true only for g limited range of
loudness levels. '

The gquestion which arises next, is that of measuring
these twin quantities, decibels and phons. Just what in-
strumental means are available for a quantitative specifi-
cation of the amount of noise present? To answer this
purpose, there has appeared in recent years the sound lev-
el meter. -

This device consists essentially of a microphone with
an associate electrical circult contalning an amplifier,
attenuator, and meter., The latter ig calibrated to read
decibels directly and usually covers a range of about 15
decibels. Intensities over a range from sdout 30 to 1320
decibels may be measured by adjusting the attenuator dials.

In designing this type of instrument, particular at-
tention is paid to what 1is called the resmonse freguency
characteristic, ‘i.8.,, the resvonse of the meter to differ-
ent fregquencies. For measuring intensity levels, it is
essentlial that sounds of differsnt frequencles but of the
same Ilntensity, should give the same reading, If the me—~
ter has thls property, it has a "flat" freguency response.
In the case where the characteristic is not flat, a noise
measurement will emphasize certain frequencies at the ex-
penge of others.

However, this is exactly what is desired in measuring
loudness levels. Since the ear discriminates against some
frequencies, the meter should do likewlse in order to meas-
ure the ear's sensation. An attempt is therefore made to
incorporate in goung-level meters a response-frequency
characteristic similar to that of the ear. Three differ-~
ent characteristics are usuwally provided - a2 flat response
end two which simulate the ear's at 70 and.40 phons. Fig-
ure 4 gives the design objective which has been set for
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these meters by the American Standards Association. The
curves as drawn here are directly comparable to the con-
tours of figure 2 for the loudness levels of 70 and 40
Phons.* To be more specific, the 70-~decibel network curve
gives the intensity level of tones of different frequenw—
cles which would glve the .same resding on the mebter as a -
1,900~cycle tone. For example, & tone of 60 cycles is
discriminated against to the extent of 10 decibels on tine
73~decibel network, and 26 decibels on the 40-decibel net~
worksy if it has gn intensity of 75 decibels, it will read
65 decivels on the 70-decibel network and 49 decibels on
the 40-~decibel network. To et these three different
characteristics, specially designed electrical circuits
are nrovided. At the flip of & switch, any of %these

taree networks may be .introduced. It is recosgnized that
the incorvoration of only three networks is a compromise
necessitated by the difficulty and expense of simulating
the ear's response at all loudness levels. For this rea-
son the meter performance is only an approximabtion to

waat the ear hears., In addition, therse are certain tol-
erancesg permitted in designing the nebtworks, so that very
often the frequency response of the instrument is such
that errors are inmtroduced in the measurements. The sound-
level meter, before beinzg vut into use, should always be
calibrated so as to determine the extent of agreement with
the design objective. With reference to theo use of the
various networks in the sound-level meter, the "A.I.E.E.
Test Code for Apparatus Koise Moasurement” recommends that
the 49-decibel network "be used for usual apparatus noise
messurenents,' the flat network "for verr high intensi-
ties where low frequency noise is predominanit' and that
tae 70-decibel network "be used only in special cases.”

It should be mentioned that Davis (reference 1) has
recently stated that the American sound-level meter does
not give the correct value for the eguivalent loudness of
a noise consisting of a series of impulses or having con-
siderable intermittency, the reading being too low, In
accordance with his findings, Davis has constructed a me-—
ter which gives results in es¢reement with aural observa-—
tiong on this tyne of noise. '

*Thsre are certain inherent diffsrences betwoen the sar
ard a microphone zs a2 sound-measuring device. Hence, the
curves of figure 4 are necessarily slichtly differocnt fronm
those of figure 2, These corrections are introduced to
tako care, of the differeonce betwbern the conditions under.

waich the ear response was obtalned as compared to the con—“_

Qltloﬂs under which noise measurements are usually taken.
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In many noise -measurements, there frequertly occurs
the case in which there are geveral component frequencles,
one of which ig predominantly loud. The reading odbtained
will be vractically the same as if the gquieter tones were
missing. Consider a gimple numerical example; there are
two sound sourceg - one emits a note of ‘intensity 80 deci-
belg, the other 60 decibels.

.o E
Ry = 80 db = 10 log,, ii or E, = 10% E,
: [0}
E : :
Rz = 60 db.= 10 logi, 53 or Ep = 10° E,
-0

Corresponding t¢ the reading of 80 decibels, the en-
ergy E; 1is 100 million times the energy at the reference

level of zero db, E,; and corresponding to 60 decibels,
Es i1s 1 million times as great as E,. When the two notes
are sounded simulteneously, the reading will be R;p where

E, + B
Ria = 10 lo&., —3—53—5 = 10 102(10%+10%) = 80.04 db

which 1s sensidly the same as 80 decibels.

Proceeding in this way, we can formulate the follow-
ing table, in which the two individual levels are R; and

Ry, and when heard together, are R,5:

Ry(db) Ra (db) Rya(db)
80,0 70.0 80,0
80.0 4.2 81.0
80.0 . ?7.6 82,0
80.0 80.0 83.0
80,0 81.8 84.0
80.0 83.3 85.0

A convenient rule for calculations accurate to within
1l decibel 1s the following: If

Ry - Rg is greater than 9 db, then Ripz = R,
R, -~ Rz 1liles between 9 and 4 db, then Riz = Ry + 1
By -~ Rg " L 4 gnd 1 &b, then Riz = Ry + 2

R, -~ Rg 1 " 1 2nd O db, then Risz = Ry + 3
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From these calculations we see that a reduction in
noise level can be obtained only by first. reducing the
noise due to the loudest source. Eliminating sources which
are of lesser intensity will cause only a slight decrease
in level.

Of course, from the standpoint of noise reduction,
"the important guestion to consider is to what extent a
diminution of 1 or 2 decibels is perceived by the ear. A4s
a matter of fact, a very rough statement of the ear's sen-
sitivity to slizght differences in intensity is that it can
just perceive a difference of about 1 decibel, This dif-
ferential sensitivity to intensity varies with both fre-
quency and intensity. For example, at - & level of about
80 decibelsg above the threshold of hearing, the sar can
just detect changes of about 1/2 decibel through a fre-
quency rahgZe of about 2,000 to 8,000 cycles; at & declbels
above threshold, the level must be changed by about 4 deci-
bels before it can be detected. At the low frequencies the
differences must bpe muckh larger. Thus, at 50 cycles, the
differential sensitivity is about 8 decibels when the orig-
inal level is only 5 decibels above threshold; from 490 to
80-declbels above threshold the ear is sensitive to changes
of 1 declbel or less.

The logical question to pose now is this: To what
extent is the loudness reduced when reductions of 1 or 2
decivels occur? The answer may be obtained from figure 5
which 1s a result of a determination of an absolute scals
of loudness by Fletcher and Munson (reference 3). In this
experiment observers were asked to judge the relative loud-
ness of itwo sounds; for example, when one souand was twice
as loud as ancther, In this way, the relationship between
loudness and loudness level was derived. Thus, if there
ls a reduction in loudnessg level of 20 phons from an orlg-
inal loudness level of 40 phons, figure 5 shows that the
loudness changes from about 1,000 to 100 loudness units,
or a reduction in loudness of 90 percent has occurred.
Continuing in this way, the curves of figure 6 may be
plotted (reference 8)., From this figure we see that a re-
duction of 2 phons corresponds to a loudness reduction of
about 15 percent. Small changes in loudness level produce
a much larger change in the sensation of loudness. Thus,
in any attempt a%t noise reduction, possibdble minor altera-
tions, which produce but small reductions in level, should
not be overlooked.
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It is a matter of common experience that it is diffi-
cult to hear in a noisy environment. In table I, the rela-
tionship between the ability to carry on conversation and
the noise level in various vehicles has been given. These
experimental results are closely related to the aunditory
phenomenon of masking. If the threshold of hearing of an
observer be measured in the presence of an extraneous
noise having a uniform distribution of energy among a Ire-
guency spectrum which includes all gudible frequencies,
it will be found thet his threshold is raised. The test
tone must be made louder in order for him to hear 1t. Fig-
ure 7 summarizes fthe data for the masking effect of this
type of noise (Fletcher and Munson, reference 3). It gZives
the masking in decibels, i.e., the amount the threshold at
various frequencies is raised, when various masking nolse
levels (the numbers on the curves) are used. For example,
if the noise level is 79 decibels, it raises the thresh-
old for frequencies from about 300 to 10,000 cycles, adbout
52 decibels,

4 pure tone may also produce a masking effect. It is
found that tones of lower frequencies mask those of higher
frequencies more readily than vice versa. However, a low
frequency will not mask a much higher frequency 1in cares
where the intensity of the masking tone is small. Further-
nore, the masking tone may mask a lower pitched note if it
is not too far removed in frequency. In the noilse of air-
eraft, the lower freguencies predominate .and are very loud.
Hence, sveech which contalns freguencies .from about 120 to
8,000 cycles is readily masked, especlally those comvonents
which are 'most important for understanding, f.e.,, those be-
tween 500 and 5,000 cycles per second. The German aeronau-
tic research group, the D.V,L., once measured the intelli-
gibility of speech before and after treatment of a cadin
(reference 30), The intelligibility increased from 6.5 per-
cent in the bare cadbin to 78 percent in the treated cabin.

In the early days of noise measurements, use was made
of the masgking effect to measure nolse levels. By means
of an instrument which measures audltory aculty, the audiom-
eter, the threshold of hearing of the observer was measnred
in a2 quiet place. These threshold measurements were then
repeated in the neighborhood of the noise source and the
anmount by which the threshold shifted was taken as a meas-
ure of the nolse level. o

Another method is one in which a known level produced
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by the audiometer in one ear is compared to the nolse lev-
el* to which the other ear listens. The btone on the audi-
ometer is adjusted until it sounds as loud as the noise.
If the note of controllable intensity is 1,000 cycles per
second, this type of measurement will give directly the
loudness level,

Before closing the discussion on sound and hearing,
mention should be made of several other factors of impor-
tance. The reaction of the individual to noise is condi-
tioned not only on ite loudness, but alsoc on its nature.
Whereas people are prevared to tolerate some noise as &
necessary evil in the operation of mechanical equipment,
noises which are thought to be unnecessary and which
should not be present can become gquite disturbing. Rat-
tling, squealing, or squeaking of the device, a low-pitched
drumming, and intermittent or erratic sounds are often an-
noy¥ing. The reader can undgudbtedly recall some sounds
which he has found particularly objectionadble. 4n attempt

28 been made by Laird and Coye (reference &) to evaluate
the dezree of annoyance of different frequencies. They
found that the annoyance increases when intensity increases

and at one intensity level, the lsast annoying are the m1d~
dle frequencies from 200 to 1,500 cycles per second.

Part of the disazrceable sensation associated with a
noisy alrplane arigses from insecurely fastened structural
memvers which are set into vibration. If 3he vibratory
anplitude be sufficiently large, an audibleoc sound will bdbo
emitted axd, what is moro, the vpassenger may sxperience a
sensory reaction if the vibration is transmitted $to where
he happens to be, Just how large an amplitude is percepti-
ble is 2iven in the curves of figure 8 (refersnce 5). Here

*We take this opportunlty to summarize the wvarious terms
in use as units for sound measuremsnts. 4s a vhysical
measure of the intensity of the sound.or noise thé three
terms - sound level, intensity level, and noise level -
are equivalent. The term "loudness level" 1g reserved for
intensity measurements which have been corrected for ear
response and should be expressed in phons but are often
expresged in decibels. -The "loudness" of a sound is an
ebsolute measure of the observer's reaction to its inten-
sity; it may be expressed in loudness units whick are,
therefore, a quantitative means of expressing the average
auditor's impression of how loud the mound is.
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the amplitude of wvibration in centimeters is plotted
agalnst the frequency. in cycles per second. The whole
graph is divided into the six regions O, Ia, Ib, Ic, Ila,
IIb, with the following meaning: All motions having the
anplitude and frequency in the reglon

0 are not noticeable
Ia, Just noticeable
I, well noticeable
Ic,‘ very strongly noticeable
IIn, disagrecable
I1b, very disagreeable

It will be observed that the Zreater the froaguency
the smasller the amplitude which can be detected. The vi-
bration amplitudes of an airplane may be guite large.
Zand (reference 32) reports one vanel in an airplane wikich
hnd an amplitude of 1/4 inch, an extremely disagreeable
source of discomfort. 4s o guide to be used in determin-
ing what vibration amplitudes are permissible, Zand gives
the figure of 0.012 inch as the maximum amnlitude to be
tolerated, a figure which is considerably higher than the
curves of figure 8 would indicate.

III. SOURCES -OF NOISE IN AIRCCAFT

In the battle azainst noise, the first line of de-
fense 1s a good offense; attack the enemy at its source.
If possible, eliminate the noise source; if not possidle,
reduce its intensity. 3By studying all the possible sources
of noise in the airplane, how they arise, the relation-
ship between the intensity level and the different varia-
bles, and the relative magnitude of the wvarious sources,
valuable information is obtained which may be used to se—
curs a sizeble reduction in level.

Armed with a knowledge of the various physical fac-
tors involved, it is quite possible to predesign an air-
plane which will not exceed a specified noise level. How-
éver, having bduilt the airplane, any changes in comnstruc-—
tion are relatively more costly. It is therefore the wis-
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est and most economical course to make the initial desisgn
congisftent with acoustical requirements, - It ig, of course,
posgsible to correct the finished airvlane, but usually
this involves an increase in weight, with a consequent re-
duetion in wbay load..

Many investigators have discussed the various phases
of noise reduction in aircraft. As a typical example of
what can be done by paying attention to deslgn features,
Zand (reference 32) has given the data in table II. It
should be emphasized that the reduction in level obitained
ig due %o reducing the noise at the source, either by a
more effective design or a proper choice of overating con-
ditions, and not by the introduction of soundproofing ma-
terials. '

TABLE II

The composition of noise in the cabin showlng the im-
nrovement possible by ar efficient design, 'excluding’ the
use of soundproofing.

Source Hoise level in de?ibels
Inefficient design | Efficient desizn
1) Propeller , 122 100-104
2) Exhaust 118 100-~-104
Z) Zngine clatter 104 89-99
4) Air-borne noises _ © 108 : 74-79
5) Aerodynamic noise 94 . . 79-84
6) Ventilating noise 114 o L 72-76
Total noise 126 - 100-106

In particular instances the reduction possible may be
more or less; the figures gliven are only to be considered
as illustrative,

A. Propeller Noise

Extensive observations (refersnces 10, 11, 12, 13, 14,
15, 16, 17, 18, 19, 20) on propeller noise have been rade,
the results of which will be briefly mentioned here. The
noise corsists mainly of two components. One is the rota-
tion note, which has a frequency .egual %o the number of ro-
tations per second rmultiplied by the number of blades in the
proveller, Thig is the fundamental note, ths low-nitched
roar, and it is accomvanied Py a large number of harmonics
(frequencies which are integral multiples of the fundamental).
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Usually there is mors acoustlcal energy in the fundamental
than in all other frequencies, so that it is the chief
cause of propeller noise. However, in certain cases (ref-—
erence 11) the harmonics may predominate.

The other component is the rotation or vortex noilse.
As the propeller rotates, it causes a turbulent air condi-
tion to be set wup, in which vortices are shed off the
blades. The vortex motion gives a very complex frequency
spectrum composell of a continuous distribution of freguen-
cles from about 1,000 cycles uv.

It is also found that the rotation note and vortex
noise are not equally intense in all directions about the
propeller. The maximum intensity level occurs in the
plane of the propeller blades and is due to the fundamen-
tal note. The vortex noise, on the other kand, has its
maximun along the axis of rotation of the propeller, How—
ever, the frequency discrimination of the ear is such that
the propeller noise is equally loud in all directions
(Stowell and Deming, reference 20), :

It is evident that proper vositioning of the cabin
relative to the vropeller is of advantage, Both the sound
intengity and the vibration amplitude of structural ele-~
ments decrease with distance from the source of the dis-
turbance. Some data of Bruderlin (reference 22) (fig. 9),
give the variation of noise level, at the skin of the fuse-~
lage, with distance from the propeller, showing that a 10~
decibel reduction may be obtained by placing the cabin 16
feet back from the plane of the propeller. If there 1s
too little clearante between the fuselage and the tip oI
the propeller, the vibration amplitude of the fugelage will
be larger and the nolse level will be higher. The noise

level veries as —%fg, whoere 1 is this clearance dis-

tance (Bruderlin, refersnce 21), provided r varles from

8 to 12 inches. JIn one specific case (Zand, reference 32),
a 2-inch clearance between the propeller and a certain pan-
el caused the lattser to vidbrate with an amplitude of 1/4
ineh, and as a result it was the cause of most of the noise
in the cabin. To reduce the noise being emitted, a float-
ing penel was attached to it by means of rudbber strips.

The amplitude of thé floating panel measured 0.015 inch

and the sound level dropped 10 decibels. This same reduc-—.
tion .could have been obtained by having a clearance of 12
inches, had that been possible.
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Multiple-engine airplanes with an even numder of en-—
gines are to be preferred, as it is possible in this case
to have the cabin situated farther away from the propel-
lers than is usual. The cabin, however, should not be
located in the plane of the propellers, since this is ex-—
actly where the rotation note, which is hardest to ingu-
late a2gainsgt, i1s a maximun.

The gingle most important determinant of proveller
noise, however, 1s the propeller tip speed. Most authors
are azgreed that ‘a linear relationship exists between noise
level in decibels and propeller tip speed. Zand (refer-—
ence 3%2) finds that the noise level in decibels for a two-
blade metal propeller is

Noise level (db) = 24 + 0,11V (4)

where V is the tip speed in feet per second. For a
three~blade metal propeller the equation is, avproximately,

Noise level (avp) = 19 + 0,117 (5)

The actual law is plotted in Ffigure 10. The relations
(equations (4) and (5)) seem to hold up to about V = 850
feet per second, when the sound level starts to increase
faster than a linear law. Somewhere in the neighborhood
of this speed, which is an apprecladble fraction of the ve-
lgecity of sound., the flow of air past an airfoil similar
in desizgn to a propeller section c¢hanzes from smooth flow
to "burbling tyrpe of flow which at low sneeds occurs ohly
at larze angles of attack (reference 23). This results
in a decided change in the character of thb sound with an
apparent increase in initensity. Hilton (reference 14) has
indicated that the linear law extends well on past the ve-
locity of sourd. He found that the noise level ig direct-—
ly proportional %to tip speed in the range from 0 to.l.2
timeg the velocity of sound.

Ovata and co—-workers (reference 19) carried out en
extensive series of observations on the intensity of dif-
fersnt frequency components of the Dropveller noise as a
function of tip speed and pitch angle of the dblades. While
the intensity does not vary in a simple fashion with the
pitch, it is possible to make the rough statement that the
sound level decreased 1 decibel for each degree decrease
in pitch over a range from about —-10° %o +10° pitch.setting.

Davis (reference 25) has given the following rules:

R .
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"Noise reduction of

10 4b per 100 ft./sec. reduction in tip speed
(some airscrews gave higher reductions up to
15 db).

1l db per degree decrecase in pitch setting.
10 &b for change to thin conventional section.

5 db per foot diameter increase of airscrew (for
given power,. forward speed, and similar oper-—
ating point on the efficiency curve).

10 db for change to 4-blader of same diameter (for
£iven power and appropriate speed). (The change
from a 2-blader would, of coursge, involve a changse
of gear ratio and calculations have shown that
there will be no actual imovprovement if the gear
ratio is kept fixed, )V

A formula giving the noise level as a function of tip
gpeed, distance of observation voint from propeller, the
nunber of blades, propeller radius, chord of blades, blade
shape, angle of -incidence of air stream, and air viscosity
has been given by Capon (reference 23). There is some
doudbt as to its complete accuracy, as it has been assumed
in this derivation that the sound intensity diminishes
with the distance according to the famlliar inverse square
law. Several observers (references 19 and 20) have found
experimentally that the intensity decreases more rapidly
than this. The reader is referred to the original paper
by Canpon for the formula and its uss.

The -most effective way to reduce the noise level of
an alrplane is, then, to reduce the propeller tip speed,
use large-blade propellers and preferably with more than
two blades. In most cases the reduction of tip speed is
accomplished by gearing the propeller to the engine. Care
should be taken that the noise level of the gears is be-
low that of the propeller noise. 4s an example of the ad-
vantage in gearing, we guote some figures of Davis (refer~
ence 25), in which g gegred and an ungeared engine arse
compared. The tlp speed of the ungeared airplane was 830
feet per second, while that of the geared airplane was 685
feet ner second; the reduction was, on the average, about
13 decibels., In any event, the tip speed should not be
permitted to exceed 850 feet per second, at which speed
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the curves of figure 10 show that the sound level Zets in-
ordinately large. - .

B. Exhaust and Engine Noise

Usually the propeller noise i1s much louder than the
exhaust noise. IZ the difference in intensity between the
two is more than 10 decibels, then we have seen that oven
if we entirely eliminated the exhaust noise, the sound
level would be unchanged. Thus, there is no point to re-
ducing the exhaust noise unless it is louder than the pro-
peller noise. OFf course, some reduction (1L 0 Z db) may
be obtained in case. the exhaust is no more than 9 deci-
bels below the propeller noisse. Before any reduction in
level can be obtained, it is always necessary to first re-
duce the loudest offender.

In certain airecraft, where the tip speed is still
relatively large, the exhaust needs. no special mufflers or
silencing device. The usual procedure is to use exhaust
collectors, with the exhaust-pipe outlet located well away
from the cabin so that the screening effect of the nacelles
or wings is used %o Zood advantage. Increasing the dis-
tance from the cabin is also of advantage since the sound
intensity decreases as the inverse square of the distance,
approximately. . ' '

In the event that in some way the contridbution from
the propeller has been reduced below the level of the ex-—
haust, some kind of silencer will be necessary. The
National Bureau of Standards has conducted an investiga-
tion to discover the nature of the action of a muffler
and to test the effectiveness of various commercial and
experiment mufflers (references 33 and 34).

Analysis of the action of the ordinary muffler &howed
that it acted by modifying the flow of gas so as to gen-
erate less sound, but did not act to absord the sound af-
ter it had once been created. The working principle of
some of the mufflers was chiefly one of reducing the tem-
perature of the exhaust gas by an expansion chamber or by
e large metal radiating surface. In addition, in some of
these mufflers a turbulent gas flow, which caused convec-
tion currents, increased the rate of heat loss. When the
temperature dropped, the density of the gas increased, as
n consequence of which for a given energy of flow, the ve-
locity of discharge of the gas was reduced. In the re-
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sistance type of muffler, the flow of gases was retarded so
that a back pressure wns exerted on the engine with o con-
sequent loss of powser. Mufflers of this type arec too
heavy. .

There are several tyves of mufflers which are built
for the purvose of attenuating the sound produced. In
one, use lg made of gsound-absorbent material which is able
to withstand the heat of the exhaust gases. Another tymne
has built into it an acoustic filter, a device which dig-
criminates against certain frequencies present in the ex-
haust noise, so that these frequencles are attenuated.
Measurements on one typve of engine (reference 34), an 80-
horsepower, V-type, 8-cylinder, water—cooled, Hispano—Suiza
engine indicate that the exhsust sound esnergy is concen-
trated in the frequencies below 250 cycles and greator
than 500 cycles. Hence, the ancoustic filter should be de-
gsigned to dissipate these two frequency regions.

One important conclusion of thig investigation was
that considerable reduction could be obtained merely by
the use of & manifold system. Thus 7 decibels was gained
when a side manifold tube 3 inches in digmeter and 31
inches long was connected to the exhaust port. Four open
ports, 2 inches in dlameter, were provided on the side
manifold. A more complicated device contalning a Siamese
fitting between the exhaust port and the side manifold at-
tenuated the noise 13 decibels. This indicates the order
of effectiveness of such a simple device as a collector
and a tail pive. Of the 10 mufflers tested, half of them
had a reduction of about 5 decibvels; the other five were
reéspnonsible for 10 declbels less. The loss in horsepower,
due to the addition of the mufflers, was less than 2 per-—
cent, while the manifold system was responsidble for a 1l-
to 5~percent loss.

It should be pointed out that the data on mufflers
were obtained in the laboratory in a test set-up in which
the propeller was purposely excluded, sc that only ex-~
haust noise would be measured. In any practical attempt
at alrplane quieting it is desirable to know Jjust which
component, proveller or exhaust noise, is louder, and it
is of advantage to make such observations on the finished
alrplane. A method of separating the components has been
indicated By Spain, Loye, and Templin (reference 28).

Some of their results are given in a later sectlon of this
paper (p. 49)
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Enzine noise, in which we may include valve and tap-
pet clatter, gear, carburetor, and supercharger noise, is
usually below the level of the exhrust. Some figures we
have alresdy quoted (p. 15) and some obtained at tho
National Bureau of Standards (reference 34), indicate that
the difference 1s about 14 or 15 decibels. Naturally, the
engine may cause a great deal of disturbance because of
vidbration transmitted to the cabin structure. Care should
be taken therefore to secure e proper elastic suspension
for the engine. Zand (reference 32) states that a reduc-—
tion of 2 or 3 decibels was obbtained in one particular in-
stallation in which a resilient mounting was used. He ad-
vocates the use of rubber under shear for mounting pur-
Poses, as it 2ives a greater vibratory attenuation than
the ordinary rubber under compression. A method of calcu-
lating the load on the rubber suvnorts is also given by
Zand. Of course, it is of advantage to have the suspen-
sion fittings as close as possidble to the center of grav-—
1ty of the engine. Additional refinements from the guiet-
ing viewpoint are flexible pives and tubing between the
2n3ite and the nacelle, the rigid wall of ordinary pipe
lines being more a2t to vibrate than the discontinuous
structure of a flexible conduit. :

A particularly disconcerting effect which may be ob-
tained in multienzine installations is the phenomenon of
beats detween engines. These occur when two engines are
running at slightly different speeds; the net effect is a
fluctuation in intensity which may be as great as 10 deci-
bels. In the modern Douglas airplanes (Bruderlin (refer-
ence 21)), synchronization controls are provided whereby
beats are kept less than 1 in 4 seconds. Beats may also
occur detween different freguencies present in the complex
structure of airplens noise. Then they occur and are guf-
ficiently loud to be disturbving, the appropriate remedy 1is
to change the frequency of the mechanical motion respon51—
ble for tne Qeneratlon of this note.

C. Aerodynamic and Ventilating Hoise

The advent of streamlined aircraft, marking the rele—
dation of the "stick and wire" structure and other aero—
dynamically faulty airplanes to obsolescence, has made the
aerodynamic noise level an unimportant factor compared %o
- propeller ard engine noise. If the lines of the airplane
hull are kept clean, and obstructions or protrusions which
wvould cause excessive s2ir turdbulence are eliminated, noises
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arising in this manner will not be troublesome. Precau-
tions to ve taken in this category are the avoidance of
leaks or openings in windows or doors and their appropri-
ate installation to assure continuyity of streamlining.

Under flight conditions, with variable stresses act~
ing on the fuselage and door, 1t is possible for slight
openings to appear where a perfect closure existed on the
ground. Such openings introduce a new source of noise
.becguse of. the turbulent state of the air at these small
cracks and because they transmit an inordinate amount of
sound into the cabin. An effective door catch should ex-~
ert pressure on 211 four sides; there are several such de-
vices on the market. There is also a type which has a pneu-
matic gasket which.is capable of expansion upon reaching a
given elevation (Zand, reference 32).

In ventilating systems for alrcraft, we have & per—
.plexing problem in which, anparently, the demands of zoo0d
ventilation are diametrically opposed to those of keeping
the cabin guiet. To Zet the required air flow, rather
large ducts must be used, and if these be employed, suffi-
cient sound may be transmitted into the cabin from the
noisy exterior to make the interior egually loud. Similar
reguirements arise in alr conditioning, heating, and ven-
tilating units for ordinary building construction. The
designer in thig case turns to the use of sound-absorbing
materials which he employs as a duct lining. In the Curtis—
Wright "Condor" (Golding, reference 27), such a ventilating
system is used. The ducts consist of two concentric tubes;
the inner tube is perforated and the space between the two
is filled with glase wool which has good sound—-absorbing
propertiegs., As the alr stream »passes through the center

plve, the associated nolse i1s. attenuated. In general, the
attenuation or diminution in sound level is directly pro-
portional to the length of the duct. For example, if

there ig a decrease af 10 decibels for 10 feet, there will
be a 20-~decibel loss for 20 feet. It is therefore evident
that to keep the noise ievel low in the airplane, the in-
take opening should be as far as possible from the point
where the air is discharged into the cabdin. Furthermore,
the intake should be located in a relatively quiet spot,
say under a wing, away from the propsller.

The attenuation ver unit length varies with frequency
for any £iven lining and duct opening and is usually small-
er at both the low and the high freguency ends. There may
sometimes be some residual sound, a tearing or swishing
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type of noise. To remedy, recourse should be had to a fre-
guency analyzer to determine the frequency or freguencies
present. An acoustic filter (p. 188, reference 35) may be
the proper solution if too wide a frequency ranse is not
present in the analysisg.

In certain instances, the difficulty may arise from a
regonant effect, i.e., if the length of the ventilating
pipe is a multiple of one-half wave length (1/2, 2/2, =/2,
4/2. «..) of the sound wave concerned; then the pipve will
be in resonance arnd the attenuation will be much less.
Figure 11 {(Schoch, reference ZB).shpws this effect. The
influence of an opening of 15 centimeters length and 1.7
centimeters digmeter on the sound insulation of a brick
wall was ascertained. Curve a represents the sound in-
sulation of the wall without hole, and curve b with the
hole, The hole is essentlally a tube of 15 centimetfers
length and will resonate at certain select fregquencies,
namely,; those for which the wave length of the sound is 2,
2/2, 2/3, 2/4, ... times the length of the pipe. The
first frequency in the series is avproximately 1,150 cycles/

) ' 54400 : .
gsecond (frequency = 5 x15; the velocity of sound is
A4,400 cm/sec.). Succeeding freguencies will therefore be
2,300, *,450, 4,600, ... The arrows on the curves of Tig-—
ure 11 show the minima which occur approximately at these
frequencies. It will be seen that 12 to 15 decibels more
sound is transmitted at these freguencies than at others.

This resonant effect may become serious in some in-
stallations 1f the tube length is such as to resonate at
the low frequencies from which airplane noise zets its
loudest contribution. Thus a S—~foot length resonates at
94 cyvcles, and a 12-foot lenzgth at 47 cycles. In modern
airplanes the fundamental of the propeller note is low be-
cause of the reduced tip speed, but usually not lower than
45 cycles per second, so that if ventilating pipes be kept
longer than 12 feet, this anomalous transmission effect
will not occur. Of course, if the pipe length is short,
the hizher freguencles will resonate and they are usually
less objectionadble than the lower ftones. A freqguency anal-
veis of the offending residual sound will show if it has
the frequencies gssociated with the length of the pipe,
This length may be changed so that maximum attenuation is
obtained by making the new length 1/4, 3/4, 5/4, ,.. of &
wave length, Thet ig, if ‘7 = length of tube, and L =
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the wave length, minimum attenuation occurs when | = %%
%%' %&! ..o and maximum attenuation when 1 = %, %%, %%, .

The lengths of maximum transmission occur halfway between
those for minimum transmission,

The size of the condult which should be used is deter-
mined by the rate at which air is to be supplied to the
cabin and the maximum speed of flow commensurate with pas-
genger comfort. Zand (reference 32) states that 15 to 20
kilometers per hour is "the maximum spsed of air which
wlill not create draughts" and that 30 cublc feet of alr per
person per minute will do in normal weather, while on very
hot days, uwp %o 60 cubic fest 1s necessary.

D. Secondary Noise Sources

The term "secondary noise sources" refers to noilse
arising from vibrating objects in the cadin, such as dbulk-
heads, floors, bagegage racks, chairs, and other auxiliary
equipment. These glve rise to air-borne sounds which may
be particularly objesctionable, as they are, in Zeneral,
intermittent in nature. PFurthermore, vibration of furni-
ture or floors may give passengers an unpleasant vidbratory
sensation,

The fuselage of an airplane is subjected to sudden
changes in stress, to shocks, and to vidbratory motion
arising from prime movers and intense sound waves. If any
cabin fixtures be connected directly to the fuselage, they
will be set into vidbration. To remedy this undesirabdls
condition, it is well not to mount cabin equipment on the
fugelage directly or, if this is necessary, to use shock-
absorbing mountings of rubber, fel%, or any other vidbra-
tion damping material. Floors, for example, should be
mounted on an isolation system, say, of rubber, felt, or
cork pads. Panels of the cadbin trim should be fastened
rigidly, and any large unsupported structural elements
ghould be avoided, as they will readily cause & low-pitched
drumming effect. The ideal cabin, from this viewpoint, is
one in which no part is compelled to take the stresses to
which the airplane i1s subjected. Intercadbin bulkheads or
any other internal bracing can be readily avoided by the
use of monocogue consbructions or "gelf-supporting U- or
Z-gshape rings (Zand, reference 32),"

Windows, if attached directly to the cabin trim, wbll
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create a high-pitched disturbance in the 1immediate vicinity
of the passenger. Appropriate rudbber fittings for mount—-
ing the windows are available on ‘the market. One patented
congtruction, figure 12 (Zand, reference 32), provides a
rubber channel into which the g£lass is inserted. Provi-
sion is made for the rudbber to move in two directions,
both laterally and vertically, so that the vidbration is
readily attenuated. The energy dissipation of such a ma-
terial arises from its. ability to change its shape under a
load, Actually, i1f the rubber is not too soft, it will Dbe
found that it is almost incompressible when confined. I%
is, therefore, well for the designer to allow rubber or
other resilient supporting material room for expansion or
contraction. oo

Other minor pieces of eguipment, "such as ashtrays,
drinking glasses, mirrors, fire extinguishers, and seat
‘belts" should be securely fastened to the cabin to elimi-
nate the possibility of thesir rattling or buzzing., Eter-
nal vigilance is the price of keeping these annoyances
from cropping up. Mountings snd fittings should be peri-
odically inspected. s

Attention to details when installing cabin equipment
will pay. Secondary noises, then, may be ¥ept to a mini-
mum. With the principles detailed under the other sec-
tions A, By, and C, the designer may choose his operating
conditions and pattern his design so that a material re-
duction in noise level of about 20 decibels is obtained.
His untreated cabin, however, 1s still much too noisy, the
level veing about 100 to 105 dececibels. For comfortable
surroundings and unimpeded adbility %o converse, the sound
intensity should be reduced to .that in the V-16 and V-1l2
bassenger cars of table I, i.e., between 79 and 84 deci-
bels.. A further reduction of anywhere from 15 to. 25 dec-
ibels, and in some cases 37 decibels, may be necessary.
For this, recourse must be had to the principles of sound
insulation and sound absorption. We shall show that by
making use of these two »rinciples, it is rossible to-gain
up to 30 decibels for a reasonable amount of asdditional
weight. EHowever, before discussing this phase of the prob-
lem, we should like to round off our present discussion by
giving some addi'tional means available to secure a reduc-—
tion of noise level without soundproofiag.

One of these schemes has been indicafed by Bruderlin
(reference 21). EHe found that . by curving the fuselage
section, less low-frequency scund would be transmitted
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into the airolane than if the section were flat. Thus,

in the DC=2, a deformation of the section to a 50~inch
radius produced an improvement of 6% decibels at 50 cycles
per second, while a 100-=inch radius was 2% decibels better
than & flat section, The appropriate radius is, of neces-
gity, a compromise between decibel gain and necessary in-
terior space. Analyses of the distribution of noise in
the cabin have shown that the front of the airplane is,

in general, noisier than the rear. For example, current
practice among airplane-manufacturers_(reference 35). in=~
dicates that sound levels rur from about 83 to 91 deci-
bels in the cabin and 85 to 102 decibels in the pilot's
quarters. It therefore follows that baggage rooms or maill
compartments should be placed in between cabin and cockplt,
so that the cabin is removed from the noisiest part of the
airplane., On the other hand, rest rooms should orobably
be well in the rear, toward the guiet end since, for the
passenger who is sick or desires rest, a noisy environment
will accentuate his discomfort.

IV. SOUNDPROOFING THE AIRPLANZE

A. The Noise—-Reduction Factor

The process of soundproofing is dependent upon two
different physical phenomena, sound absorption, and sound
4ingulation. Just where the distinction arises may be seen
from the following illustration. Imagine yourself the
owner of a boiler factory, The din is terrific; workmen
are subjected to the enervating effect of unceasing noise.
Furthermore, the peovle who are unfortunate enough to live
.in the neighborhood are compvlaining: "¥our factory is un-
bearable.! You have two distinct problems to solve: one is
to reduce the sound level within the building in order to
relieve your employses, and the other is to prevent the
noise from leaving the bullding -~ for the relief of your
‘neighbors.

If you think you would first like to set your neigh-
bors at ease, then what you must do is to change the con-
struction of your walls so that they become more effective
sound insulators. It is possible to achieve this in-
creased efficiency in several ways, one of which is to in-
crease the welght of the walls considerably. The heavier
wall transmite less sound, but to secure all of the addi-
tional insulation desired a more complicated solution may
be necessary.
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Eowever, having built this wall has not glven respite
to your workmen; the noise is still just as loud on the
inside. Recourse must be had to sound-asbsorbing materials,
the application of which to the walls of the interior will
afford a material reduction in loudness. Furthermore, the
use.of absorption in the interior also helps to reduce the
sound-level exterior to the building. If the sound level
is reduced 5 decibels on the inside, it will also be 5 dec—
idels less on the outside. In this sense, the utilization
of sound absorvents may be sald to have some sound-insulat-
ing value. However, since it is usually not possible to
secure a reduction of morer than 7 decibels by this means,
it is necessary to make special provision for sound insu-
lation,

Of course, in quieting an airplane, the voint of view
igs reversed:; the noise exists externally to the airplane
and what is desired is to prevent the transmission of sound
into the interior. EHowever, hnaving once penetrated into
the cabin, acousticel materials may be applied so as to
diminish the sound level. Soundproofing a cabin thus re-
soclvesg itself into an attack on two fronts, the objectives
of which are: "Keep the noise out and keep the noise down."
On which of the two battlegrounds the stronger efforts
should be exerted will be evident from consideration of the
noise~reduction formula -which we now deduce.

As an agpproximation to the actual physical situation
encountered under flight conditions, the following set-up
ls considered. We have a cabin which may be thought of
as a large box, this box heing suspended inside of a still
larger box. 4 source of spund is situated exterior to the
cabin, as a result of which there will exist a certain
sound field in the spmace between the two boxes; it is as-
sumed’ that at all points in this field there exist equal
amounts of sound energy. The total amount of sound energy
present in the space exterior to the cabin will be denoted

by Eg, and the amount of sound energy which is incident
on'unit area of the cabin surface on its exterior sgide in
unit time, will be E'!g. Of these E'g units of sound

ensrgy, only a certain fraction will be transmitted into
the interior of the cabin. The fraction of the incident
energy which is transmitted into the interior of the cabin
is known as the transmissivity, and will be designated by
the symbol T. Hence, per unit time, the total energy ap—
pearing in the cabin is TE!'¢S, S tbeing the total sur-—

face area. -Within the cabin there exist B; wunits of
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ehergy, asa result of which E'i -unlts of energy hit unit ‘ .
area of the lnterior in unit time: Ths cadin is lined

with a surface finlsh which has a sound-absorption coeffi=-
cient «. Thig means that of the E';y energy units strik-
ing unilt area of S, a certain fraction, « will be ab-
sorbed. Hencse, aB’38 units of energy are absorbed in
unit time. - In addition, there is also a certaln transmis-
slon of energy from the interior of the cadbin to the exte-~
rior, 1.e., of the E!';S energy units incident on the in-
terior surface TE'!yS energy units appear externally.

When equilibrium is attained, there must be just as much
energy appearing as is disappearing in the cabin, so that
we have:

TE'sS = aE'3S + TE!'3S . (6)
whence
E,e _ GS + TS
E'i - TS ' <7) -

" The sound energy striking the cabin wall on its inte-
rior side is & function of the total sound snergy present -
in the interior of the cabin; in fact, it is possidle to
show that in the ideal case assumed here the two are Pro=
vortional. Similarly, the sound senergy incldent on the
exterlor side 1s proportional to the energy exterior to the
cabin, so that

E! g
e Ze | (8)
By B3
The difference in sound level in decibels between the f

outside and the inside is known as the nolse-reduction fac-

: E
tor and is equal to 10 log,;, Ef' so that the

Noise reduetion in decibels = 10 log,, aS_+ T8 (9)

A surprising fact will at once be evident from equa-
tion (9). If there is no absorption within the cadbin, +
i.64y, o = 0, the sound level within will be equal to
that without, n6 matter how effective the wall.is in pre-
venting the transmission of sound. Physical considera-
tions show at once why this must he so. Any sound energy’ .
which does get. into the interior is not absorbed and hence .
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will persist for & very long time.: (There will be soms

loss at each incidence on the cabin wall due to transmis-~
sion through the wall; hence it will not persist indefi-
nitely.) As more and more senergy is transmitted from the
outside, the sound level will continue to increase until

the external and internal intensities are equal. Equilib-
rium will then set in and the two sound levels will De
equal. Thus?git is necessary to have some absorption ian the
cabin, else an effective insulation scheme will be of no
avail.

It will be noticed from equation (9) that to obtain
large sound reductions, we must have a low transmissivity
and a hizh absorption coefficient. Figure 13, in which
the decibel reduction calculated from equation (9) is plot-
ted for different wvalues of T &and a, illustrates this
fact. (Cf. fig. 3, reference 33.) It will be seen that
the maximum reduction occurs at the lowest transmissivi-
ties and the highest absorption coefficients. Furthermors,
if there is very little absorption, the reduction is small.
However, for low transmissivities the reduction increases
much more rapidly for small values of & than for the same
values of « at larger values of T. Thus changing the
absorption coefficient from O to 0.2 results in a change
of 23 decibels for T = 0.001, of 13.2 decibels for T =
0.01, of 4.7 decidbels for T.= 0.1, and of 9.8 decibels
for T= 1. On the other hand, if we change from o = 0.2
to @ =1, we get less varied reductions for the various
T's, i.e., 7.0 decibels for T = 0.001, 6.7 detibels for
T= .01, 5.3 decibels for T = 0.1, 2.2 decibels for
T =1, For the same increase in «, the decrease in the
sound level within thé cabin is greatest for low transmis-
sivities.

Another important consideration which is evident from
these curves will be illustrated by the following example:
Sunpose o« = 0,1 and T = 9.01; the noise reduction is
10,4 decibels. If we wish %0 galn another 10—-decibel re-
duction; we may do one of two things: change the interior
treatment so that the absorption coefficient increases
from 0,1 to 1, or, keeping « fixed at 0.1, change the
cabin wall structure so taat T decreases to 0.0701. Eil-
ther? of these treatments will result in a further decrease
in level of 9.6 decibels. The answer to the questlion as
to which of these two possibilities is most advantageous
depends on the relative weights of the proposed treatments;
the best solution is that whiech requires the least addi-
tional welght, other things being egual. In any particular
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case in which it 1s contemplated making a choice between
decreasing T or increasing o and in which the weizhts
of the proposed treatments are known, the most appropriate
answer can be readily obtalned from the noise- reduction
factor.

The above theoretical development is to be considered
only as a very approximate one. It deals with 2 highly
idealized cabin, which may be considered very simply as an
empty room, devold of any accessories and having all sides
of uniform construction and surface finish.' Under these
clrcumstances, the transmitting and absorbing surfaces are
the same, and the transmissivity and absorption coeffi-
cient do not vary from wall to wall. 'In our real cabin,
however, the transmitting and absporbing surfaces are not
equal. The cabin floor may have little absorption wvalue
but may be a very effective insulator. People, upholstered
seats, various furniture pieces within the cabin have some -
absorbving ability. Furthermore, o and T vary in dif-
ferent varts of the cabin. Glass windows have absorption
and transmission coefficients (o« and T) which differ from
that. of the other cadbin units, such as walls, bulkheads,
floors, etec., Eguation (9) may be modified to take these
various factors into account. The total absorption in the
room is not aS Dbut a sum of the terms w;S; + gSp +

@3Sz + ..., where a; 1is the absorption coefficient of a
surface which has S, units of area, o, the absorption
coefficient for S, wunits of area, etc. Similarly, the
total transmission is given by Ty8; + Tgsy * Tys, + ...,
where T,, TE,ITS, ves are the transmissivities for the
different surfaces having the area s;, S5, Sz, ses

If we let A = a8, + agS5; + ..I. absorption

1l

T = T,8, * Tpa8y + o0 = transmittance

we Zet for equation (9):

Noisé reduction (db) = 10 log,, A%E 10 10%10<1*“-) (10)

For reductlons greater than about 20 decibels + 1is much
greater than 1, so we get

Noise reduction (db) = 10 log,, (%) (11)
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B. Sound Absorption

To calculate the noise reduction one may odbtaln in any
soundproofing scheme, it is necessary to know the absorp-
tion coefficient and transmissivity of the materials used.
Methods are available to determine both of these guanti-
ties in the laboratory. The most reliable test procedure
for determining «, now in use, is the reverberation~room
method, in which the time it takes far sound in a room to
decay through = specified number of decibels, is measured.
Sabine first. showed that the total absorption in a room,
A, is related to the time of decay for a range of 60 dec-
ibels (the so-called "reverberation time" T) and to the
volume of the room V, by the formula

where T is in seconds and V in cubic feet. Thus, to
determine @, it is necessary to measure the reverbera-
fion time with a2 known amount of material in the reverber-
ation chamber. Correction must be made for the absorption
of the empity roomn.

There are several features of importance about sound-
absorbinzg materisls which should be pointed out, Absorp-
tion of sound enersgy may occur in either of two ways:
through porosity or diaphragm action., A material which is
effective because of its porosity, consists of a great
number of intercommunicating pores, fissures, or cells,
The sound wave incident on the surface penetrates into the
interior by means of the small openings in the material
but, in traveling down these capillaries, the wave motion
ls registed by a viscous draz exerted by the capillary
walls. As a result, some of the energy in the wave 1s
dissipated by this frictional force and is converted into
heat, It is at once evident what the effect of thickness
is. If the materisl is too thin, the wave will be reflect-
ed off tae back surface after having been only partially
dissipated, so thet considerable energy will be reflected
back into the roomn. If the material is thick enough, the
wave may be absorbed to such an extent that what is final-
ly returned to the room is considerably attenuated.

Some figures given by Knudsen (p. 191, reference 37),
show the effect of thickness on the absorption of Balsamn
Wool at different frequencies. These are given in table
III. '



N.A.C.A.

Technical Fote No.

TABLE IIIX

748

Variation of absorption coefficient of Balsam Wool

with thickness and frequency (cycles per second)

Absorption coefficient at frequencies of:

Thickness 128 256 512 1024 2048
1/2 inch | 0,06 0.22 0.41 " 0.58 0.57
1 .10 .25 .46 .62 .60

2 .21 .38 .58 .69 .70

4 " 34 .48 .65 .75 .78

It will be seen that the greatest increase with
thickness occurs at the lower frequencies. While no gen-
eral conclusions ars valid for all materials, a very &en-—
eral statement can be made which covers the action of a1l
vorous materliasls, viz, the absorpition ceoefficient is rough-
1y provortional to thickness for a frequency of 128 cy-
cles mer second for thlcknesses as large ag 3 or 4 inches.
Above this frequency, for thicknesses greater than 2 inches,
the coefficlent is anproximately constant, but may increase
slightly; for smaller thicknesses the varlatlon with thick-
ness is usually not predictabdble. :

' In the -phenomenon of diaphragm action, the acoustical
material vibrates in such a fashion as to absord energy
from thp sound wave. Since 1% requires energy to malntain
this vibration, the reflected wave from the material is
considerably attenuated. Whether a material is free to
vibrate or not devends on the manner in which it is mount-
ed on the wall which it covers. If it is mounted rigidly,
it cannot show thisg diaphragm action, provided the well
itgelf ig rigid. However, if it is mounted on wood studs,
or fastensed by any other similar means, so that the indi-
vidual unit is held fast only at its edges, then 1t has

the pDossibility of behaving like a diaphragm. An important
consideration, therefore, in giving absorption coefficients
is to state just how the materials were mounted when test-
ed., The avpplication of such data to other types of mount-
ings is usually unreliable and incorrect. For example,

the following ‘data were token at the National Bureau of
Standards (p. 5, reference 9) on a certain acoustical tile
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(Acousti-Celotex, type 02, 11/16 in. thick) which was
stuck on gypsum wallboard by means of an sdhesive. The
wallboard was placed on the floor of the reverberation
room and tested. It was alsoc tested after it had been
nailed on to 13/16- by 2=inch furring strips 12 1nches on
center. - The results are as follows:

Hounting 128} 256} 512 | 1024 | 2048 | 4098

Cemented onto wallboard (0.11|0.31i0,71 | 0,80 |0.67 | 0.5%7

XNailed to furring 14} .65 .63 .73 .67 .85

The diaphragm action is especlally evident at 256 cyéles
per second.

In this connection it is well to note one other point.
If the material is tested in the laboratory in small indi-
viduel tile units and then, in the actual installetion, is
aprlied in larger unite, the use of laboratory coefficiants
may be inaccurate, especlally at the lower frequencies,
At these frequencies the tile may be in resonance (normal
vibrational modes), and since these resonant effects de-
Pend on the size of the unit the coefficient will be dif-
ferent for the two tiles. 1In fact, laboratory data ob~ ..
tained at frequencies of 128 cycles or less may not be too
close to the actusl coefficients which obtaln under the
condition of mounting in an airvlane, since at these fre-
quencies there is considerable vibration of the airplane.
Thls is, of course, only true for those materials which
are sound absorbers by virtue of their vidbratory charac—
teristics.

Some commercial products are manufactured to give
this diaphragmatic absorption. In general, they consist
of a flexible external sheet of some kind - paper, wood,
doped fabric, or metel foil backed up by an air spacse.

One of these is "vibrafram," which comes in 13- by 13-inch
units, and has a gtiff sheet of felted vaper shaped %o
form a sort of hollow pan. The base is arranged with a
lip so that it can be pasted onto any surface desired.

It 1is the characteristic of this type of absorption
scheme that the coefficient is a magximum at one frequency
and tapers off at% all others. The zraph of absorption co-~
efficlent versus frequency is resocnance-like in nature.
What 1s taking place is, that at a certain frequency res-
onance occurs, as the combination of vibrating diaphragm
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plus air-space forms, in effect, a mechanical system of a

mess on a spring, in which the diaphragm may De considered
as the mass and the volume of alr enclosed by the vibrat-

ing membrane as the spring. That is, the enclosed volume

of alr acts as if it possessed stiffness, 'and this latter

is the property of a spring, ' :

leyer (reference 8) hag shown that if a wall is cov—
ered by & stiff membrane of this kind, of mass m Dper
unit area and distance 1 from the wall, the resonant
frequency is given by the following formula:

188
o= . (13)

Jot

_where f 1s in cyg¢les per second, m 1n grams per sguare
centimeters, and 1 in centimeters. Figure 14 zlves the
results of Meyer!s measurement on brown wrapping paper
placed at a distance of 5 centimeters from the wall.

Curve a is with the air space, and curve b 1is with the
space partially filled with cotton waste. The cotton was
introduced in such a fashion that it did not touch the
vibrating diaphragm. Its only effect was to absord the
sound waves which were produced in the air svace, especial-
ly those waves traveling in a direction parallel to the
face of the vaner. By using several layers of material
sevarated by an air space, it is possible to get good low-
frequency absorption over a fairly wide range. Figure 15
{Meyer, reference 8) shows the results obtained in an ar-
rangement using three layers of oilcloth, with an air

space of 5 centimeters between each layer. The theoretical
explanation of this action is based on the mechanical anal-
0gy of this arrangement to an electrical filter which
passes high frequencies only. '

While porous materials are generally inefficient at
the low end of the frequency rangs, but are much more ab-
sorbent at the higher frequencies, those arrangements de-
pending on diaphragm action have a maximum absorption at
the low end, To obtain good absorption over the whole
range, the logival procedure would be to attempt to com-
bine these two effects. This may be done, as we have al-
ready pointed out, by using a mounting for the porous ma-
terial which will permit vibration, if the material is
sufficiently rigid to be capable of vibration. . Another
possibility is one in which the porous material is at-
tached to a stiff membrane g0. that absorption .occurs due
to both porosity and vidbration. For example, some figures
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obtained at the National Buréau of Standards on a commer-—
cial product "Limpet," which is :sprayed asbestos mixed
with a binder to make it cohere, are Ziven below., The as-
bestos was sprayed on metal lath, thus making possible dia-
phragmatic motion, and also on wallboard, in which case

the absorption would be due to porosity only.

Mounting Absorption coefficients of sprayed,asbestos
L ' 128 256 512 1024 .| 2048 4096
Sprayed on . '

wallboard _ 0.13 | 0,31 | 0,66 0,83 D.74 0,66
Sprayed on

metal lath
and surface
painted 57 .71 «80 .56 .51 B2

The thickness of the layer was 3/4 'inch. There was
approximately a 3~inch air space bhehind the metal lath.
The much higher absorption coefficient resulting from dia-
phragm action is evident at the lower freguencies. The
Limpet .sprayed on metal lath was painted with several
coatg of paint. This causes a reduction in the coeffi-
cients at the three higher frequencies since the paint
film prevents entrance of the sound.wave intoc the pores in
the interior of the material. On the other hand, it stifrf-
ens the surface of the material, so that the membrane ac-
tion is enhanced at the lower frequencies., In another
sample, in which Limpet was s»rayed on metal lath and then
vainted, the absorption at the high frequencies was not
reduced because of the existence'in the painted surface of
e great number of holes which permitted penetrstion of the
wave directly into the air space. Once in the alr space,
the sound experiences a dissipative effect at the absorb-
ent undersurface of the eprayed asbestos, and hence the
absorption throughout the whole frequency .range 1s in-
creased. The material, Neshkote, developed by Johns-
Manville (reference 32) combined these two principles,
porosity and diaphrasgm action, to produce an absorbent
which was effective -at all freguencies.

Some other arrancements have been £iven by the German
investigators, Wehner and Willms (reference 30). PFor ex—
ample, they used a 3-millimeter plywood sheet, perforated
with 2-millimeter diameter holes, and backed up by 6-milli-
meter Calmuc (German trade name of a porous paterial) and
a B0~millimeter air svace. This arrangement shows a reso-—



A6 N.A.C.A. Technical Note No. 748

nant effect depending on the dlstance from the wall., A%t
the wall a standing wave system is set up, and the par-
ticle velocity of this wave is a maximum st a distance of
1/4 wave length (of the frequency concerned) from the
wall, The amount of sound energy dissipated depends on
the viscous registance of the pores, and thig is a maxi-
mum when the particle velocity 1s a maximum, so that at a
distance of 1/4 wave length the absorption coefficient
will be greatest. At freguencies between 400 and 1,000
cyeles per second thisg set-up zives a coefficient of about
90 percent, while at 170 cycles the absorption is only 10
percent. Of importance ig the acoustical resistance of
the backing layer. ' For best results it should match that
of the air, i.,e., 42 acoustical ohnms,

Wehner and Willms alsc report some measurements in
which .coefficients close to 100 percent were obtained
over a narrow band of frequencies, These were all reso-
nant arrangements similar to Meyer's, the only differencs
being that on the back of the surface memdbrane (either
rerforated plywood or oilcloth) felt was applied. How-
ever, the absorption coefficient at other frequencies was
less than 10 percent. PFor example, the ollcloth-~felt ar-
rangdement with a 50-millimeter alr space, gave the follow-
ing coefficients at 100, 200, 300, 400, 500, 600, 800
cycles per second, respectively: o = 0,04, 0,03, 1.00,
0.85, 0.45, 0,25, 0,03, : :

It is well to observe here that any surface covering
applied over the face of a material is avt to change its
coefficlent, If the covering is very oven, such as any
perforated metal, wood, or fabric, or any open-weave cloth,
the coefficient may change either way, i.e., increase or
decrease, bdbut usually not very much. In soundproofing
airplanes the practice is to use pads or blankets of light-
welght fibrous materials which are vlaced between the outer
skin and the cabln trim. The trim may be a very open fab-
ric, or perforated sheet of some kind, in which case the
laboratory coefficients are probably unchanged; or the
trim may be a heavy mohair, leather, or fabric of some
kind. In the latter event, since the surface of the blan-
ket 1s effectively screened by the external covering, the
laboratory ccefficients are no longer valid, unless the
absorption has been measured with the particular covering
actually used in the cadin. In some cases the materials
may be covered with a special waterpvroofing finish or
sheet, 8o that the effectiverness of the material will de
practically all vitiated. The moral is: beware of extra-—
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neous surfaced finishes which prevent the penetration of

gound into the absorbvent; in any event,

terial with the covering on it,
the arrangement is satisfactory.

a test of the ma-~
will determine whether

By using several layers of different types of blan-
kets or sheets, it 1s possible to get 2 high adbsorption
over a considerable range of frequencies.-
ments made on l-inch Fibersglas and 1/4-inch Unisord Felt
are Ziven below.
tests were made by placing the material on the floor;

by the National Bureau of Standa

top of the blanket a perforated iron sheet was placed.

rds,

Some measure-

All
on

The Fiberglas and Unisorb Felt were first tested separate-
ly, and then together. with the felt on top.

512‘ 1024

L B L 128 256 2048|4096
l-inch Fiberclas : 0.20{0.6610.92 | 0.93]0.83{0.88
1/4~inch Unisorb Felt 04| .05} .14} .37| .e6] .86
l-inch Fiberglas T 1/4-

inch Unigord Felt .33 .86 .98 .97 .89 .91

While the felt is not very Zood at 128 and 256, it
nevertheless produced a considerable increase in the coef-
ficient when it was combined with the Fibersglas.
coefficients of the individual layers are known,
be seen from this example that it is not possidle to pre-—
diet just what the combination of the two will give.
stated before, in an accurate prediction of the noise re-
duction to be sxpected, the absorption coefficient of the
actual arrangement of materials to be used should be known.

If the
it will

As

Of course, in making any choice of absorbents for
aircraft, there are other vnroperties which should be con-

sidered in addition to the absorption coefficient.
most important of these is weight.

The
The material used

should have the minimum of weight consistent with good ab-

sorption. Welight reduces the pay load,

fary welght is particularly cost

cess weight 1s $325, a sizable figure,

ly.

so that unneces-

Bruderlin (reference
21) has calculated that in the S-year life of an airplane
of the DC-2 type, the net average cost per pound of ex-

esvecially if the

excess is very much. For this reason the designer in choos~
ing his acoustical materisl must restriect his attention to

the very light materials. Fortunately,

sized collection to choose from;

there is a fair-

in table IV we have com-—
piled the known absorption data on low density materials.
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While a material may have high absorption and low
density, it still may not be the best one to use, since
there are certesin other important properties which 1t may
lack. In selecting the proper one to use, considerations
gshould be giver to such quantities as heat conductivity,
moisture absorption, fire resistance, vermin resistance,
disintegration or packing under service conditions, chem—
ical stadbility, etc. ' '

Naturally, it is of considerable advantage if the
vroduct happens to be & good thermal insulator also. In
this connection there is prevalent a widespread miscon-
ception to the affect that good sound absorbers dlways
have low thermal conductivities. While this may be {true
in some cages, it is not necessarily so. All of the known
thermal conductivities of products listed in table IV are
given in table V. The thermal conductivities are given in
terms of the X factor (B.%t.u. ver hour per square foot
per degree Fahrenheit per 1 in. thickness).

Under the extremes of temperature and weather condi-
tions which aircraft experience, the condensation of mois-
ture on the acoustical material is very apt to occur. If
the absorption of moisture takes vlace, there will be a
considerable increase in the weight of the airplane and
the acoustical efficiency of the treatment may be reduced.
In addition, the thermal conductivity will be reduced.

For these reasons it is important that the materlial be
waterproof. One hundred percent waterproofness may be ob-
Jectionable in certain instances, however, as S. J. Zand
has pointed out to the author. If the material is placed
next to the metal skin of the fuselage, say, £lued on,
then thers will be formed slight air pockets Dbetween the
“gkin and the back surface of the material., The water va-
por originally present in these pockets will condense and
if the absorbent ig impervious to moisture the water can-—
not escape; whence the possibility of corrosion of the
skin arises. If there is a slight avenue of escape left
open for the water vapor - say, 1f the material is not en-
tirely waterproof - the danger of corrosion will be elimi-
nated. To assist in the evaporation process, it is quilte
feasible to bypass some of the air stream from the venti-
lating system through the space between interior trim and
fuselage. '

An item which should not be overlooked is the question
of resistance to packing or settling. Vibration of air-
craft is severe, and changes in acceleration are large and
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occur rapidly, so that a material which may be all rizght

for ordinary use may not be particularly suited for the
airplane. There is the possibility that the fibers or
substance from which the acoustic blanket is made may break
up or subdivide. As a consequence, packing will result and
some of the compartments in the blanket may be vare of fill-
in spots.

C. Sound Insulation

While the sound-absorption coefficient suffices to de-
scribe the efficiency of the material as a sound absorber,
the sound-transmission loss is the physical quantity which
specifies its ‘sound-insulation value, its ability to pre-
vent the transmission of sound. Since the transmissivity,
T, represents a transmission of energy, the resistance to
transmission, or opacity to sound, would e represented by
1/71. The reciprocal of T, wexzpressed in the dscibel
scale is known ag the transmission loss, i.e.,

Transmission loss (in decibels) = 10 log,, (%) (14)

To clarify tais concept, consider this situation.
There are two adjacent rooms, in one of which is located
e source of sound. As a result of this, a certain sound
level exists in the other room. To keep the level down,
the second room is treated with a sound—-absorbing material,
It is desired to know the intrinsic imsulaticn value of the
wall between the two rooms. The difference in the sound
level existing on the two sides of the wall, is due not
only to its insulating efficiency dut alse to the absorp-
tion in the receiving room, so that to Zet the effect of
the wall itself, a correction must be made for the absorp-—
tion. PFrom equation (11), we have for difference in level,
greater than 20 decibels

5 A
10 losz,, ﬁi = 17 logyo (;g) (11)

where E; and E; are the sound energies in the source

end receiving room, respectively, A is the total absorp-
tion in the receiving room, T is the transmissivity of
the wall and S is its surface area. Solving for

190 log,, %, we get

. A
19 log, (%) = 10 log,, (%) ~ 10 log,, <§> (15)
=2



40 N.A.C.A. Technical Note No. 748

\,

The expresgsion 10 log /1, is the transmission
104 F
loss of the wall, 10 log,, (ﬁj) is the observed decibel
\ >

difference, so that 10 log,, (é} is the correction term
whlech corrects for the effect of abserption. Furthermore,
the appearance of the surface area in the correction term
ig equivalent to reducing the result to that which would
be gotten on a wall of unit area. .Thus, if S were one
unit area, there would be no correction for area, since
log,0 1 = 0. It ig apparent, then, that the transmission
loss is the unique physical quantity which is a property
of the wall only. This makes it possible to compare the
insulation value of different constructions by comparing
their transmigssion losses.

The example outlined above is the basis of one msthod
of determining the transmission loss of different struc—
tures. The panels are placed in an opening between two
rooms, and the difference in level between the noisy and
quiet side, the absorption on the guiet side, and the sur-
face area of the panel are measured, these data sufficing
to give the transmission loss. This method is in use at
the National Bureau of Standards and other laboratories.

Observations made on s large number of panels of homo-
gensous construction have shown that the single, mogt im-
portant determinant of the insulation efficiency of a van-—
el of this type is its mass. Figure 16 is a result of the
work of Chrisler and Sanyder (reference 24) conducted at the
National Bureau of Standards (reference 33) on panels con-
sisting of single sheets of different materials. It is
to be seen that for the very light panels the averasge
transmission loss* increases quite rapidly as the weight
increases up to about 0.5 pound per square foot. TFrom
this point on, however, the curve begins to flatten and
the rate of increase in insulation efficiency is much
less. As a matter of fact, the curve of figure 16 can be
represented on & logarithmic scale by a straight line.

In figure 17, the transmission loss is plotted against the
logarithm of the weight (1b./sq.ft.). This straight line
has been given by Chrisler and Snyder (reference 24) and
is represented by the dotted line of figure 16.

*The tests reported here were conducted in a slightly dif-
ferent fashion from that now in use; hence, while the fig-
ures obtained are not strictly transmission losses, they
are very approximately so.
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In table VI the actual measurements on the different
materials are given. It is to be noticed that the trans—.
mission loss varies with frequency and that the panels
are less effective at the low-frequency end. To specify
the avernge performance of the panel, the average of the
transmission losses at the three different fregquency
bands is glven; in the fuiture, in referring to the average
transmission loss, we shall omit the word "average.!

It has been found that the straight-line relationship
between transmission loss and logarithm of the weight is
valid for even very heavy panels. The designer is clear-
ly at a disadvantage here. If he wishes to get good insu-
latlon he must resort to heavy structures. TFortunately,
however, it is possible to g2et greater efficiency by re-—
sorting to the use of comnosite panels.

To illustrate the point, consider the case of three
rooms arranged in a row in which room 2 is the center one,
and rooms 1 and 3 the two extreme ones. ILet us say, the
separating partitions between the rooms are plywood, 0.125
inch thick. If we have a source of sournd in room 1, test
no. 14 tells us that there will be a reduction in level
of approximately 19 decibels betwesen rooms 1l and 2 angd,
furthermore, between rooms 2 and 3, there will be another
approximate reduction of 19 decibels, so that room 3 is
about 38 decibels quieter than room 1. This is a very
considerable reduction, inasmuch as an increase of 19 dec~
ibels has Dbeen achisved merely by adding another plywood
wall, ©Hence, one might expect that by using a double wall
wlith an air space, the transmission loss would be much
larger than for the sinzle panel and much greater than thae
weight relationship for homogeneous panels would reguire.

In table VII is presented results on tests of two
panels with an air space between them.

The last column in the table is significant; it states
the €ain in decibels of the double partition over the sin-
€le homogeneous partition which hasg the same weight. For
example, consider test no. 26, in which two saluminum
sheets 0,025 inch thick were senarated by an air spacs of
0.50 inch. The transmission loss was 16.1 decibels, and
the weight of the panel was 0.70 pound per square foot.
From figure 16 we see that a homogensous pansel of this
welght would have.a transmission loss of about 21 or 22
decibels, so that there has been an actual loss in insula-
tion efficiency. In fact, not only is no. 26 less effec~
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tive than a homogeneous partition of the same weight, but
it is also poorer than no. 11, in which only one sheet of
aluminum was used. :

Thus, it will be seen that in practically all instances
there is a loss instead of a gain. The effect of the air
space, when the panels are very close, 1is to actually in-
crease the transmission of sound. The difference between
these results and our idealized situation of the three
roomg is to be ascribed to the proximity of the two pan-
els. For one thing, a 2Zood share of the vibration of the
first panel is transmitted through the frame or common
support on which the two are mounted; and secondly, the
air space for these panels acts as a sort of elastic sheet
which couples the two faces togethér. As the weight in-
cresses, however, the effect of the air spyace becomes less
important, so that a gain in transmission loss is experi-
enced as, for example, no. 32.

No. 30 is interesting as it suggests a clue as to
what is to be done to remedy the situation. Insulite is a
gound—~absorbing material, hence, in no. 30 the sound level
exigting between the two partitions has been decreased with
a consequent increasse in insulation. What is needed then,
is: 1) to absord the sound energy present in the air
space, and 2) to break the elastic tie which exliste bo~
tween the two walleg as a result of the air space. For
these reasons, various absorbent layers were placed in the
air space. First, fibrous boards such as Celotex and In-~
sulite, were tried. While there was an improvement over
similar tests on the double wall with air space, the trans-
mission loss was still 5 decibels less than that for a ho-
mogeneous panel of the same weight (test nos. 33-36, ref-~
erence 33)., For the low~-density materials such as Balsanm
Wool, hair felt, and cotton, the following results were
obtained (tadble VIIL).

"Tfhe cotton, hair felt, and 1/2-inch layer of balsam
wool are seen to 2Zive no improvement over a panel of egual
welight. The thicker layers of balsam wool are seen to
give an improvement of 5 decibels on the average." This
reduction is what would be expected from a panel of more.
than twice the weilght. Another series of panels was meas-—
ured using a dry zero blanket, which is a product made of
kavok and is very light, naving a density of l.14 pounds
per cubic foot. The results are given in table IX.

The largest. gain was experienced in panel no. 50 but
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it nust be ruled out in this comparative series of measure-
ments, since it was not of the same size as the other pan-
"els. The best panels from the point of view of highest
tronsmission loss for least weight are nos: 49 and 51, both
giving a transmission loss of about 30 decibels with a
. weight of 1 pound per square fcot. No. 51, however, has
the disadvantage of having a highly reflecting interior
surface, so that very~<little sound a2bsorption will occur
in the cabin. In general, the dry zero causes a net in-
crease of 5 decibels, which is about the same as experi-
enced with balsam wool, the dry zero panels, however, being
usually lighter. Two other important points should be
noticed. If the 4ry zero is compacted, &s i#t no. 53, the
reduction will be reduced as there is then a more solid
tie between the two surfaces, the packed-—in material act-
ing, to communicate the vibration from the front surface to
the rear surface. In the two lightest panrels, nos, 44
and 45, the dry zero is not as effective as in the heavier
panels. However, if panel 44 be compared with 22, there
is an increase of 9 decihels.

The results presented in table IX are, in general, in
accord with a theory of Mever (reference 7) on multiple
partitions. This theory is of interest to us as it points
out the limitations and possibilities in the use of this
type of construction. It will be briefly summarized here.

Each partition with its accompanying air space (or
absorbent-filled space) is considered as one of the iter-
ated elements of an acousticesl-mechanical system which may
be represented by an analogous electrical circuit for
which the mathematical solution is known. At low freqguen-
ciss, such a combination has a small transmission loss.
However, there exists a certain frequency (the "high-

. frequency cut-off") ziven by

f = _E76_ ' (16)

¢ J m U

where

£ ig cut—off freguency in cycles per second.
R 2
m, mass per unit area of one wall in g/cm .

1, svatial sevaration between two successive
rartitions, :

“for which the transmission loss rises rapidly.
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Figure 18 (reference 7) shows some results obtained on
a) a 15-sheet cellophane wall with an air space of 1-
centimeter and 'b) a wall consisting of 3, 5, and 10 sheets
of roofing paper with 1 = 2 centimeters. The cellophane
is so light that the cut-off freguency is 6,700 cycles; a
noticeable rise in the curve is evident at this fregquency.

-For the roofing vaper, fc is redunced to 800 cycles ver

second because of the incremsed welght and air space. It
wlll be noticed that all of the b curves start to rise

in the vicinity of 800 eycles per second; furthermore, for
frequencies below this frequency the threefold, fivefold,
and tenfold wall give zbout the same results for the trang-—
mission loss. It is only for fregquencies above f, that
the curves separate. Some other data of Meyer (fig. 6 of
reference 7) on vartitions having one, two, three, four,
and five layers of plywood, show the same effect - no dif-
ference for frequencies less than fos with a consider-

able spreading for frequencies greater than fg.

Hence, to make an effective double wall, the mass
should be as large as possible and the air space should be
large. This will make the cut—off frequency low and hence
the transmission loss versus frequency curve will rise
sharply. In the ligcht~weight “partitions measured at the
NBS, f, was relatively high. Thus, as an example, for
panel 27 consgisting of two aluminum sheets with an air

space of 1,75 inches, f, was 780 cycles. Since the

highest frequency at which the measurements were taken was
about 1,000 cycles, the value at 1,000 would not be much
different from the other two measurements. In panel 32,
fo = 680; +the transmission loss at 1,000 is considerabdly

greater than that at the other two fregquencies.

The effect of the sound-absorbing filler is to absord
sound waves walch travel to and fro in the enclosure par-
allel to the wall surface. If this is so, it should not
be necessary to fill the entire space with absorbent, bdut
Placement around the boundary should be sufficient. This
was done on the multipnle plywood wall with a result simi-
lar to that obtained with the air space, except that the
curves arose much more steeply for frequencies greater
than the cut-off. PFurthermore, comparison between the re-
sults obtained on a multiple wall with three plywood sheets
when the whole enclosure was filled with cotton waste and
when only the boundaries were lined, showed that they had
bpractically the same transmission loss. Figure 19 shows
the effect of the introduction of the cotton on the bound-~
ary as compared to the empty air spvace.
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The fact that it is vossible to get such a sizabdls
increase in insulation efficiency merely by »placement of
material around the edges should be of considerable ad-
vantage in reducing the weight requirement.for socundproof-
ing cabins. The author is not awarse 6f the application
of this principle to airplane insulation.

Most of the insulation schemses how in use may differ
somewaat from those particular constructions listed in
tables VI, VII, VIII, and IX; however, these tables are
useful 1n estimating the approximete value of any contem~
vlated partition by comparison of the desired construction
with a similar panel listed in the tadles. This is a risky
procedure sometimes so that it is always advisable to get
the transmission loss by direct measurement of a sample
vartition. ’ -

Several invéstigators make use of a method which will
give - the relative values of different partitions. In gen-
eral, this scheme consists in placing the partition be=
tween two small enclosures. The difference in level which
is observed is taken as the insulation efficiency of the
partition. D. P. Loye (reference 28) of the Electrical
Research Produects, Inc., of Hollwvwood, Californis, revorts
a number of such. relative measurements. H. Bruderlin of
the Douglas Aircraft Company, of Santa Konica, CGalifornia,
has a method in which the source room is a 2-foot cube.
Phonozgraph records of airplane noise arsused for a sound
source, so that the over—all noise reduction is obtained.
In & private communication to the author, Bruderlin states
that over 300 variations of airplane partitions have been
compared in this way. For purposes of standardization, a
pPanel having a known transmission loss should be measured
so that all data may be referred to it. F. K. Teichmann
(reference 29) hns measured varlous felts in this way by
tsing a rectangular box of two equal compartments. The
ovening used was about 21 square inches.

Arvitrary measurements of this nature are fraught
with difficulties in the interpretation of the results.
For one thing, the absorption of the panel face is not
separated from the transmission loss characteristic of the
panel. In addition, if the size of the panel is small it
may be much stiffer than the fairly large-size unit tyopi-
cal of an actual construction. For a small-size panel,
the way in which the edzes are clamped sometimes makes
quite a difference. Scund-pressure measurements made
close to the panel may be deceiving because of the stand-
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ing wave system existing at its face. If the two halves
of the box in which the measurements are made are not iso-
lated from each other, there may be more sound transmitted
through the box walls than througsh the panel, especlally
if the former are not heavy. To establish whether the ar-
bitrary method places different panels in the same rela-
tive order as the absolute method, several panels, say
three or four, whose absolute transmission losgses are
known, should be compared by the relative method. This
will give an insight into the reliability of the results
so obtained.

To give the reader some idea of current practice in
the soundproofing of aircraft, table X is given., Thig ta-
ble has bsen taken from a report (reference 35) on the
"physical properties (from the textile technologist's view-
point) of tkhe various insulating materials; the report was
prepared by the engineering section of the Air Corps at
erght Field.

Data on the transmission loss and absorption coeffi-
cient of the various soundproofing arrangements listed 1n
table X have not been found in the literature.

D. Soundproofing Procedures

In oredicting the noise reduction to be expected from
any glven treatment, we must, then, have a knowledge of
the two quantities G and 7. However, since these two
quantities vary with frequency, the question arises as to
what frequency should be considered typical - how should
the coefficients be averagzed? To answer this question, it
is necessary to have a frequency sanslysis of the noise of
the airplane. If the energy is fairly well distributed
among the different freguencies, then the average transmis—
sion loss and the average absorption coefficient will suf-
fice. If the noise predominates at certain freguencies,
then an average 'over the dominant frequencies will give
o0& results. 4sgn illustration, we quote Zand's figures
on the Douglas DC~1 (reference 51) in which the energy
between 64 and 512 cycles is 10 decibels above the energy
between 512 and 8,192, To get the noise reduction, we uss
equation (11):

&bsorption
ransmittance

Noige reduectlion = 10 log,¢ r

The absorption coefficient was taken at the predominant
frequency. Table XI gives these data.
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This predicted reduction agreed with the actual re-
duction to within 3 decibels. For purposes of calculating
- the contribution of passengers and chairs, a figure of 3
to 4 units of absorption per seated passenger may be used
(reference 9). This figure includes the absorption of the
chair,. .

From the calculation above, we may illustrate the very
imnortant effect of an cpening or highly transmitting sur-
face, such as an open window. 4s an example, suppose a’
window is partially open, so that 1 square foot is exposed.
The transmissivity of an open window is unity, so that the

total transmittance is increased from T = 0.835 to 1.8235,
. 59Q. ' ’
Noise reducti = 10 1 -2z = 25,1 declbels
o pc on 08,4 T 835 : _

That is, 1 square foot of open surface in 860 will cause a
reduction in efficiency of a little more thmm 3 decibels.
If there are small openings in the cabin, lesks, ventilat-—~
ing system ports, etec., their combined area may be readilJ
equivalent to the effect of 1 square foot.

The influence of a small opening is dependent on the
ratio orf the size of the opening to the total transmitting

surface, and on the transmissivity of the walls. It may
be shown (p. 52, reference 32) that if the opening has an
area s, the panel an areg S, and the transmissivity of

the panel is T, the noise reduction will be decreased Doy
10 log,, <l + § %) decibels. Thus, if s/S = T, +the re-

duction will be decreased by % decibels. Using 3 decibels
as the maximum diminution in level which is permissible,

we can say that for a cabin whieh has a 20-, 30-~, 49-~decibel
transmission loss, the ratio of the total area of openings
to the total cabin surface should not be greater than 0.01,
0.001, 0.0001, respectively.:

Davis (reference 26) has calculated the noise levels
to be expected within cabins of various airplanes on the
basis of the theory outlined here. Usually his calculated
values agreed with the observed values to within 2 decibels,
although some results differed by as much as 5 decibels.

If the noise spectrum of the airplane is known, it is
Dossible then to predict the level within the airplane.
However, in the event of lack of this information, a fre-
quency analysis should be taken. Pigure 20 (reference 30)
shows a frequency analysis of the German Focke-Wulf air-
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plane F.W.-200, before and after treatment (curves 1 and 2)
and the treated Neubau Ju-~52 alirplane (curve 3). It will
be seen that the noise predominates at the lowest frequen-
cies and that the treatment (on the F.W.-200) is more ef-
fective at the hizh frequencies. It will be noticed that
the noise reduction varies from about 15 decibels at the
low frequency end to about 30 decibels at the high end.
Purthermore, reference to the loudness contours of the

ear (fig. 2) shows that the loudness- level which the ear
experiences for these various frequencies is very close %o
the noise-level curve Ziven here. Thig i1s because at these
high levelsg of about 100 decibels, the ear resvonds about
equally to all frequencies. Thus the low~pifched notes
contribute heavily to the loudness.

Zpnd (reference 32) describes.a method in which the
bare airplane is first flown; o series of vibration am-—
rlitude measurements is taken at wvarious parts of the air-
plane., Upon landing, particularly bad vanels having con-—
siderable vibratory motion are reinforced with bracing.

In the particular airplane cited in Zand's paper, this
treatment resulted in a 3-decibel decrease in level for an
expenditure of 4.4 pounds.

The airplane was divided into 36 stations, at each of
which noige-level readings were taken, and at three of the
stations a frequency analysis of the noise was made. This
latter showed that the predominant noise existed at the
(14 X_2100 _ 163 oy-

2 x 60
cles, l4-—cylinder engine running at 2,100 r.P.m.) and of
the propeller (§_£g%l99 X % = 7?0 ecycles, three-blade
propeller with gearing)., It was found both in the vibra-
tion and sound mesasurements that the vibration amplitude
and noise level were maximum in the front of the cabin,
minimum in the middle region of the cabin, and average at
the rear. These three sections were treated differently;
section.A, the noisiest section, was treated with material
which was glued onto the skin and is a very Zood vibdbra-—
tion damper; section B, of minimum noise level, was treat-
ed with a similar but lighter vidbration absorber which is
sufficient to damp light vibrations; and section G, of av-—
erzge vibration level, was treated with a similar materiasl
of intermediate properties. The materials used were kapok
with a large percentaze of vpaper pulp in it. This treat-
ment produced a reduction of 6 decibels.

fundamental frequency of the exhaust
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For the reduction of noise an intermediate layer of
kapok was installed. This layer was installed so as %o
"float" in the alr space betwsen the first layer and the
cabin trim. For the position of maximum noise, three
layers of kapok were used, average noise two layers, mini-
mum noise one layer. . Adjusting the treatment to the in-
tensity level has several advantages: It makes the level
uniform throughout the cabin, so that there are no favor-
ite seats; it involves a saving in weight as the weight is
distributed where it will do most good.

After this treatment the noise level was again meas-—
ured and a freguency anslysis made, showing that the high-
frequency component had been fairly uniformly attenuated.
In different parts of the cabin, however, the low-frequency
components were gtill troublescme. To secure low—~frequency
absorption, a stretched membrane of doped airplane fabric
was Used for the cabin trim and was backed by a damping
layer of felt. The dezree of stretch may be controlled %o
€ive & maximum absorption coefficient at different frequen-—
cies. Thus, for section A, an absorption coefficient of
€5 percent was obtained at 64 cycles, for section B 70 per-
cent at 256, and for section C 59 percent at 128, The
noise levels were then measured again; the average reduc—
tion with this completed treatment was 24 decibels and the
alrplane was quite comfortable.

Flzure 21 is taken from Zand's paper and shows the
levels at different positions after the various treatments.
The sound levels given are with a reference level of 1
millibar root-~mean-square sound oressure; to convert to .
the standard reference level, approximately 14 decibels
should be added. The actual average noise level in the
airplane was 83 decibels above a reference level of 107*°©
watts per sguare centimeter. TWiaen loudness level measure-
ments were taken, the level was 79 phons. In figure 22.
the nrogress of the noise reduction at different frequen—~
cies and at different stevs in the nrocedure ig indicated.,

. Spain, Loye, and Templin (reference 28) describe a
method in which a continuous record of the sound level at
various frequencies is obtained. In this method & high-
speed sound-level recorder in conjunction with a continu-
ously variable freguency analyzer is used, The freguency
analyvzer is arranged so that it passes all the frequencies
within a 200-cycle band, with the frequency marked on the
scale as the center of the band. 4 motor drive is arranged

.on the analyzer so that this center point 1s continuously
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varied. The sound lewvel at the various freguencies is re-
corded on waxed paper by the recorder. An adjustment is
provided to change the hand width to 20 cycles. When the
record is taken with the 20-cycle-band width, the wvarious
harmonic components of the engine explosion, crankshaf?t,
and propeller noise show up. This gives very valuable in-
formation as to the relative valuesg of different components
in different parts of the airplane. For example, 1in the
pilot's compartment of one airplane, the fundamental of the
propeller plus the second harmonic of the crahkshaft are
dominant to the extent of being 30 decibels above any other
freguencies, while in the cabin the importance of these two’
components is very much diminished. Figure 23 shows a typ-
ical record taken in this way.

~ By using a vibration pick-up in conjunction with this
apparatus, a continuous record of the relative amplitude
at different frequencies may be obtained. A frequency anal-
ysis of the fuselage vibration can then be taken in both
the pilot's and passengers' compartments so that the effect
of proximity to propeller or engine noise may be studied.
Such a study of. noise and vibration will give an insight
into the relative amount of noise which arises from struc-
ture—~borne vibration and that which arises from air-~borne
sound. . ' '

Different sections of the fugelage may radiate sound
in different amounts so that certain surfaces radiate an
inordinate amount of sound. It ig desirable to be adble to
measure the contridbution from a given area irrespective of
the sound produced by an adjacent area. To accomplish
thls, -Spain, Loye, and Templin (reference 28) provide the
microphone with a special attachment, as a.result of which
the sound-radiation characteristic of a limited area only
is measured. The results of such a noise survey showed
that the ceiling. radiated less on the average, the surfaces
below windows were 9 decibels above the average, etc.
Hence, the material could be distributed most effectively
in saccordance with these experimental findings,

To carry the noise analysis to its logical conclusion,
it is necessgary to know which of the three major nolse
sources ~ the prepeller, engine, or aercdynamic disturb-
ances = contributes the most energy. The above authors
indicate a procedure which suffices to separate the total
noise into these three components. With the aid of this
analysis figure 24 was obtained for an airplane with a .
three—-blade geared proveller. It shows that, in thls case,
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the propeller noise was below both engine noise and gero-
dynamic noise. For.a direct—-driven propeller, the vpronel-
ler noise predominated. On another airplane with a lower
tip sveed and a stiffer engine mounting, the engine noise
was Zreatest. The latter type of alrplane, when fitted
wita a two-blade direct-driven propeller, showed that for
low re.psm., the engine noise was loudest, but for 1,800
r.v.m., the propeller nolse was dominant. '

As the principles and experimental knowledge enunci-
ated in the foregoing became better known, it was natural
that increased riding comfort continued to Pe secured with
decreasing expenditure of weight. Diminishing noise level
and weight allowance per passenger went hand in hand.
Figure 25 shows the result of Zand's (reference 32) sound-~
proofing work on airplanes. In the Wibault 670 the noise
level is approximately 79 decibels (above 1071% watts per
sq. cm), the expenditure of weight per passenger only about
12 pounds. The.weight of soundproofing ranges from abdbout
2 percent for smaller airplanes to 1 percent for very larsge
airplanes. In the Douglas DST (reference 22), an airplane
of 24,007 pounds, the weight of treatment was 204 pounds,
only 2.85 percent of the total weight; the sound level was
79 decibels. All of the published literature indicates
that the figure of 79 decibels and weilght treatment of
about 12 pounds per passenger is very close to a figure
which would seem to be difficult to better. Bruderlin
(reference 22)predicted a noise level of 77 decibels for
the Douglas DC-4 at 65-percent power; the actual level ob—
tained is not knmown to the author. The German Focke-Wulf
F.W.-200 airplane (reference 30) used only 7.7 pounds of
soundproofing per passenger dbut the sound level would seem
to be about 82 decibels. As we have stated before, the
current practice with most manufacturers is for the sound
level in the cabin %o range from 83 to 91 decibels (refer-
ence 35).

The possibility of still Further reducing the weight
allowance would seem to hinge on the potential application
of the theory of Meyer which we have already discussed
(p. 43). Meyer's research indicates that, in the usual
soundproofing construction in which sound-absorbing materi-
al 1is placed between fuselage and cabin trim, it should be
necessary to distribute the material at intervals only. A
continuous distribution of material would not seem to be
necessary. The applicability of this scheme to aircraft
needs further investigation,.
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Wnile we have devoted our chief attention te discuss-—
'ing tue attainment of quiet in the cabin, it is evident
that the pilot's compartment should not be neglected. The
air-line pilot who is subjected to unending noise daily,
is bound to suffer fatigue and a losgs of efficlency. In
commercial transport airplanes the noise - level in the pi-
lot's guarters varies from 85 to 102 decibels, which is
indicative of the trend toward quiet cockpits.

The author is indedbted to V. L. Chrisler and P. R.
Heyl for many valuadble suzgZestlions and criticisms of tailsg
paper, and to S. J. Zand, who provided considerable useful
information.

National Bureaﬁ of Standards,

- Washington, D. C., December 9, 1939.
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T43LF I. Woise end "Comfort" Level of Different Vehsicles et Various Speeds

Noise level at Noise 1evelI Coxfort level {Counver-
Year Vehicle Speed this speed, Maximum | at maximm: ot maximum sation
speed speed, speed level
m.p.h. decibels decivels

1935 | &-engine bomber | 430 124 250 129 st ol
1829 3-engine 12~

passenger

traneport 110 119 1=6 129 A a
1928 2-engine 6~

pessenger

traneport 105 117 120 114 A a
1927 4-engine 30~

passenger

tranaport 75 94 85 2g ¢ e
15834 Reilway car 100 104 110 109 B c
1533 Railway car 85 0é g5 10 ¢ ]
1918 N.Y. subway 50 104 65 114 A b
1925 U.S. Fullman

gleeper 55 82 ec 94 ¢ d

1930 &~cylinder

passenger car 40 74 70 9Q D d
1933 E-cylinder

de luxe passen—

ger car 40 73 70 94 C d
1933 V-16 passenger

cer 40 €8 S5 79 E e
1934 V-12 pessenger

car 40 70 90 B4 E ]
1929 Ocean motordoat

ceoln class 23 49 30 69 F £

Loomtort level: A - very painful, B -~ very wncomfortavle, C - uncomfortable, D - slightly
uncomfortable,

Conversation level: 2 - impossible to converse even by shouting,

E — comfortanle,

F - very comfortable.
p - possible oy shouting,

¢ ~ possible with effort up to 5 ft.,

up to about B ft.,

conversation in low tones paossible.

d - possible with,slight effort

e - normal conversation up to acout 156 ft.,

f-
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TABLE IV -
Absorption Ooaffiolents of Ligbt-Welght Aooustical lla.terialnl

Thiok-| VWelght Coeffiolent of frequencies of
Hame nose Anthorlty | Mount- Nonufaocturer
(in.) |(1b/eq. )}’ 128[ 868| E13|1024|2048|4006 ing
Akoustlkoa feld 1/2 0.37 |o0.10(0.14/0.a7|0.48]|0.74|0.628] WBE* A |Jolms-Manville, New York, K. Y.
Baleem Wool {sorlm faoing} 1 .29 .1a| .38| .65| .86| .87 NB8 A |Wood Qonveraion Oo., Chicago, Ill.
Baleam Wool ) .53 .a3| .40| .58| .es| .vo| .88| V. 0.]| - ' C T ' »
= Xnudeen
Cabot's Quilt - 41 ha .gg ,gg .9’3 % % % a gmnl ouhg:, Inc.hBOItoni Masa,
1 .1 . . R . . . ellufoam Oorp., Ohla 1.
Celiufoam typs HD {1 214 | s l=s| ls8| .8a| .m3| 82| wmm o ' are TR Sy
Corning Glass Minerel Wool Blenkaet 1 A .87| .68 .75| 75| .78| .76 B8 A Corning Glass Oo,, Comming, X. Y,
Dry Zexo in burlap a .bo .33| .86/ .61 .80| .91| .98 NBg A Pry Zero Qorporation, Ohlcago, Ill.
Dry Zero in Muslin 2 .50 .28| .42| .es} .ea| .ea| .97 ¥BE A [ " T .
| Dry Zero in pllofiim 1 A1, | el .m| .38} e8] .60] - (8. ). Zemd| - L » L .
Tiberglas 3 728 | .60[ .99] .B7| .86[ .B7| .B5| MBS D |Gustin Dacon Oo., Kamsas Oity, No.
Firtex 1/3 . 20| .34 .v3| .83| .70| .68| mS ¢ |Dant & Ruseell, Ino., Portlsnd, Ors.
Glass Wool 7 B4 .20| . .98| .03/ .83| .88| MBS D |Owems Illinoie Glasg Qo,, Toledo, Ohio,
Inpullts 1110 BI4 1/3 ;’:!. 28 "M 53 T T4 T4 MBS B~ |Insvllite Qo., Minmespolis, Mima,
Johne-Many. 1 B . . . .81 .78| .m| B8 A
Aoocustio Blanket BX—4M a 83 a3| .73| .e3| .o4| .B3| .63| HBS l} Jolms-dauvllle, New York, ¥, Y-
[~ "E" Felt 3/18 08 18] .81 .80 .62 .88 - -
4/18 11 17| 34| .40] .85| .74| - | Barss -
5/16 14 18| .87 .48 .70| 77| ~ | Znohsel | -~ |Amsrican Felt Oo., Nsw York, N. ¥,
8/18 17 19| .28| .60 .75| .80 - | & Yomg | -
8/16 . .80 .2 .eal .=1| .83 - -
Xapok {Prime Java) a .53 ,20] .a3] .e8[ .54[ .s5] .BO[E. J. Eand
Xwilko } .08% cg| .19} .70| .98| .88 -~ |Riverbank]| E Beaman FPaper Qo., Ohiomsgo, I1l.
atone 1/ Y .10| .33| .e8| .69| .88| .80 KBS ;) U. 8. Gypaua QJo., Ohioagn, Ill.
B. Seapak 1/4 11 33| .28| .74] .74| 78| - |Riverbank| E Seamsn Paper 0o.
8. J. Beapak 1/4 .11 .21 .m| .74 .76 - |Riverbank| X
30, 7. Beapak 1/a .23 18| .2s| 99| .83] 61| - [Riverbank| ¥
Btonafalt typs & 1/a .34 .11 .a9[ .e8| .85| .81 - |Joims- - T [JokmsHanviITs, Kew York, N. Y.
344 .31 .13| .a5] 91| .70| .2@| - |Maoville | -
.87 .15| .52 .80| .a7| - |Labormto-{ -
1-1/a .43 28| .74| .BB| .4L| .83 - | ries -
Btonefelt type M 1/2 .17 .08| .18| .54] .78| .BO| - -
/4 .33 .09| .23| .83| .eo| .8B| - -
1 .29 .10| .z8| .7&| .B8| .85| - -
s 1-1/a .38 .2al .57| .e¢| .e1| .7B! - -
51/3—1noh Stonefelt typs M 1/2 - .18{ .68| .B3| .68 .3B| =~ -
|°1/8-inch Stonefelt typs M 1{3 - _ | .23 .64 .77] .668] .81 - -
Tropal W17 297 .48 .7d[ .83] .90T —~ | Jerrot - Alrpax, Ltd., London, England.

lan a general rule, coefficients bhave been given only for thoss thickmesses Zor which the weight 1s lsss than 0.5 1lb. to ths aquare foot.
There are some exoaptlons, Practicelly all of the majerials inoluded in the table ars maxketsed 1n blanket form. The only exoceptions
ars Cellufoam, Firiex, and Quletome, whioh are acousilo boarda., The messurements from different laboratories are not stzioctly oom-
parabls am the test conditlong may Da differant and in some cases the reverbaratlon-room method may not have been ueed. In making a
ohoios of matarial on tha basis of these ocosfficlents, 1t follown that slight differences should be negleoted. It lm difficult to
glve an raourate statemsnt of the degras of relliability of ths wariocus meagurementa.

S¥omdnal denalty.
Mountings: A. Laid on floor. B. CGemented t0 gypsum wallboard. 0. Nailed to runlng’ntripc. 13/18- by 2-inch strips.

D. Oovered wlth hi perforatad ghest iron. E. Placed loosely on 1~ 2=inch furring strips. F. Osmented to A3-gage

3 motal and plaosd on floor.

Two layers J. J. Heapak, orossed corrugations.

4Tn oontact with doped fabric interlor trim,

5¥3.5h broadeloth me intarior trim,

*Hational Bureau of Standards.
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TABLE V t
Thermal Conductivity of Lizght-Weight Acoustical ¥aterials
Mean
Name Density k temper- Authority
sture
(1b./ctteft.) °F.
Balsam Wool 2.2 0.7 S0 N3S
Caoot's Quilt {& i:’é §5b gg N3S
Cellufoam 1,73 &9 109 NBS
Dry Zero Blanket 1.9 22 - J« C. Peebles
Firtex 14,4 0.28 to 0.31 - V. O. Knudsen
Glass Wool 1.78 25 g1 N35
Glass Wool 1.50 27 75 J. C. Peebles
Insulite 12.0 .30 - V. 0. Knudsen
"gh felt 2.3 21 - J. C. Peebles
Kapok cetween
parlap 1.0 24 - NBS
Kwilko 1.0 24 - J. C. Peebles
Seapak 5.1 .26 - Je C. Peebles
Stonafelt 2,7-3,0 25 &0 Johns-Manville
Tropal 3,0 23 - Kational Physical
Leberatory
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TABLE VI
Single Panels of Homogeneous Materials
Thick-|F¥eight Transmission loss in decioels
Material ness (lo./ at frequency oands of - o
Average
(in.) |sg. ft.)}| 150-220 | 400-470 1000-1120

1l W%rapping paper [0.006 | 0.017 1.6 1,¢ 2.3 1.9
£ Aluminum .006 .075 5.5 6.6 g.,3 €.
3 Airplans fgbrict .10 5.3 B.7 11.2 7.7
4 Balsa wood g 25 .16 10.9 10.5 12.6 11,3
5 Balsaem gool 50 .20 7.4 9.5 9.5 8.8
65 Micarta 047 23 12.4 1z.8 15.7 13.6
7 Alclad 2 «30 9.6 15.8 16.9 14,1
€ Balsa wood «50 30 11l.5 14,5 14,2 13.4
2 Durslumin .020 o33 16.6 lg,4 18,1 16.4
10 Balsam wool 1.00 RCHS 9.8 11.2 16.4 12,5
11 Aluminum .025 035 16,1 17,3 20.3 17.9
12 1Insulite «25 36 20.9 16.3 20.3 _ 19.2
13 Insulite 31 .43 14,8 16.7 22.0 17.2
14 Plywood «125 52 17.5 18,7 21.8 19.3
15 (Celotex .44 .83 17,1 20.3 24.0 20.5
16 Plywood 25 o 73 18.6 20.8 24,5 21.3
17 Imnsulite .5C .75 2l.4 22 .3 28.C 23,2
18 Galvanized iron | .03 1.2 24.5 25.7 26,6 25.5

12 Double strength
glass 013 1.6 24,7 27.0 32,0 27.9
20 Duplate glass® | ,084| 1.e 25.3 28.6 30.8 28.6
21 Plste glass 25 3. 65 28,7 32.0 34,2 31l.6

1Doped five times, varnished twice.

2Por these materials the frequency bands were 150-180, 400-440, and
1000-1093 cycles per second.

3Paper each side.



‘"wo Panels with Alr Space

TABLE VII

Front panel . Rear panel . . Transmission loss in .
. Thick- Thick-| Air Weight decibels at frequency Aver-|Gain
Material ness | Materlal | ness | space bands of age
(in.) Line) | {in.) [1b./aq.ftJ[150-220] 400-470 |1000-1120
22 | Airplane, faoric| - |Imitation | - [1.75 | 0.28 9.8 10.2 13.2 |11.1 | -3
dopedl leather
23 do.t - |vicarta |0.047 {1.75 | .38 10.0 | 1.7 | 14,5 [12.1] -4
24 | Aluminum? 0.025 |Imitation | - |[1.75 .53 13,0 15,1 | 19.3 |[15.8 | -4
leather
25 do.t .025 |Micarta 047 | 1.75 .58 15,0 16.2 | 21.8 |17,7 | -3
26 do. .025 } Aluminum 025 | .50 .70 14.5 15.1 18,6 16.1 | -b
"57 dO- .035 do- -035 1.75 -?0 1313 15-5 15.0 14-5 "?
28 do.t .025 |Plymetal -~ |1.78 .81 18.5 18.2 23,9 |20.2 | -1
29 | Plywood 125 [Flywood 125 11,76 1.04 19.9 18.8 | 26.5 [Rl.?7 | -3
30 | Insulite .50 |Insulite 50 1.75 1.5 2642 29.0 37.6 130.9 4
31 dO. -50 do. -50 O 1.5 24..0 25-8 29-7 26-5 -'1
32 | pouble-strength { .125 |Douple- .125 [ .50 2.2 2%.1° 27.5 42.8 |33.1 2
glasg strength
zlags

lfor these meterials the frequency bands were 150-1B0, 400-440, and 1000-1083 cycles per second.
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TABLE VIII

Composite Panels with Bslsam Wool, Balr Felt, and Cotton

Front panel Reer panel Trensrission loas
Thi k- . Thi ¢k~ in decibels at Aver-jGein
katerial ness Filler Materiel ness Weight frequency bands of | age
. . 150~ | 400~ 1000-
(in.) (in,) |Qb./8q.£t) 220 | 470 | 1120
37 | Aluminum {0.025 |4-inch bslsam wool,| Aluminum |0.085 0.90 17.6| 16,1 31.8 |21.5 | &
paper each side
38 do. .025 |4 layers 4-inch do. +025 1.20 26,01 24.5( 29.4 (26.6 1
cotton separated
0y paper
a9 do. .025 |%-inch balsam wool, do. .025 1.23 20.8| 27.6| 41.8 {30.1 4
pener each slde
l-inch palsam wool,
paper each side
40 do. .025 do. Insulite | .31 1.21 20.3 1 30.9] 43.9 |31.7 5
4] do. 025 |Seme es 39 wilth Aluminum | L0235 1,21 20.7 | 26.9| 43.7 |30.4 4
0.006-inch alum-
iram in center
42 | Plywood .125 [Seme &8 39 Plywood .125 1.57 Bl,4| 32.2| 40.6 [34.7 7
43 | Alurinum 025 |2 layers l-inch Aluminmuer | 025 2.06 2B6,R| 23.1] 39.8 }25.9 o]
hair felt

8%2 °ON ©30K T®OTUUOeT '¥'0°'V'H
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TABLE IX
Composite Panels with Dry Zero Blarket

] Front panel Rear panel Transmigaion loss
Material .Tii::h Filler Material Tﬁigg_ Weight ;?ezz:izslgai;s of| Aver-|gain
(in.) (ine (lD./sq.ft) igg- igg— i?gg_ ege
44 | alrplane fabricl| - |&-inch dry zero| Imitation| - 0.47 |16.1|17,8|27.3 |20.4 2
leather .

45 do.t do. ¥icarta |0.047 53 |17.5(19.6|27.1 |21.2 | =2
a6 |  Aluminum! 0.025 do. Imitation| - .72 ]19.9'{25.7(85.0 [26.9 | 5
leather
a7 go. .025 do. Micarta | .19 .77 |21.9 |25.9 | 86.5 [28.1 | &
48 do. .025 do. Mumimm | ,025 .09  |22.5 |23.2 |33.7 [26.5 | 3
49 do. «025 do. Tnsulite | 31 .97  |26.7 |25.9 |37.6 |20.1 | &
50 do.* .035 do. do. .31 .97 128.6 |35.6|45.0 |[36.4 | 12
51 do.] .025 do. Plymetal | .125 | 1.00 |26.6(30.5|36.5 [38L.2 | 7
52 da. .025 do. Plywood | .125 | 1.06 |27.0 |27.5|34.9 [29.B | 5
53 do. .025 |2 layers 2-inch| Alumimom | .025 | 1.08 |24.3 |24.0|32.7 |27.0 | 2

dry zero
54 | Plywood .125 |2-inch dry zero| Plywood | .125 | 1.23 29,1 |26.9|39.4 |31.8 | 6

.V.O.V.K

*Off ©40K T8O IUGOO]

874

lpor these meterisls the frequency bands were 150-180, 400-440, and 1000-1093
3Large penel, 70 by 24 inches, 1—3/4- by 1—3/4 inches framing every 16 inches running the shorter way.

cycles per second.
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TABIE X

Chart Showing Materials and Methods of Applying Sound and Heat Insulation

to Airplanes as Used by Various Manufacturers

Alrplane model
and_Manufacturer

¥aterial

Mamufacturer

Location and method of application

Curtiss-Wright
(Condor)

Inculite, 1/8- by 1/4-
inch thick, flameproof.
Seapak, 1/8-inch thiclk,

flameproof.

Insulite Mfg. Co.,
Minneapolis, Winn.
Seaman Paper Co.,

Chicago, Il1l.

Cabin: Insulite and Seapak nailed
to wooden cabin framing.

Boeing
(General practice)

Laminated pllofilm and

cheesecloth
Dry zero blankets
Felted kapok

Capement cloth

Dobecknum Company,
Cleveland, Ohio.

Dry Zero Corp.(hicam.

American Felt {o,,
Chicogo, Ill.

I.l. C. ChB.Be & 00.,
New York City or
Mosa Rose, Inc.,
Philadelphia, Pa.

Ventilating system: 1/8-inch felted
kapok covered with pliofilm,

Cabln: two l-inch dry zero blapkets
next to hull, various thicknesses
of felted kapok, casement .cloth.
Katerial supported by hooks which
are riveted to fuselsze.

Saapak 1s attached to bull with

Douglae Seapak Seaman Faper Co.,
(Transport) Chicago, I1l. latex cement end may te reinforced
Latex cement Billings-Chapin, oy metal strips.
Cleveland, Ohig,
Lockheed Seapak Sesman Paver Co., Material is glued into place with
(Model 12) Chicege, I11. Dum Dum.
Akoustikob -
Iatex cerent Billings-Chapin,
Cleveland, Ohio.
ikorsky Seapak Sesman Paper Co., |Cabins and Cockpits: Seapak and
Chicago, Ill. felt cemented to metal surface with
Type K felt do. Vultex cement.
Rupatex Virginia Rubatex Rubatex attached directly to sides

(Cellular sponge)
B-C gound desadener
Neoprene cement

Vultex cement

Co., Bedford, Va.

Billings~Chapin,
Cleveland, Ohio.
Du Pont Company,
Arlington, NW. J.

Vultex Chem. Co.,
Cemoridge, Mass.

and deck, covered with neoprene
cement.

Sprayed directly to skin
Sprayed or orushed on rubber.

Sprayed or brushed on metal -~ not

on fel?. Ventilating ducts: lineld
with 1/8-inch felt.

lv‘olvlﬂ

*of 990§ TUSTUGOO[E
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TABLE XI

Areas and Coefficient of Absorption of the Douglas DC-1

Component surface| &T6a o at predominant|Absorption =
- (sq.f%.) frequency * @ x ares

Ceiling 240 Q.82 197.0
Front bulkhead 45 .87 39.0
Side walls 260 .79 205.0
Rear walls 65 .87 56.5
Rug . 30 .28 8.4
12 passengers at '

3 sabineg* 36.0
12 chairs at 2.8

sabines 33.6
Parcels . - trim,

curtains 15.0

Tota. absorption = & = 590. sabines

*
The product

@ X arsea
sorption or the number of

sablines.

glives the numbsr of units of ab-

Areas 'and Transmissivities of the Douglas DC-1

G & " Ares T Traosmittance =
omponent surface (sq.ft.) T X area
Cabin, including
floor 805.0 0.200678 0.5454
12 windows and
2.25 s8q. ft. 27.5 . 00875 . 2400
Doors - very good
closure 24.0 . 00024 0496
Total transmittance = T = 0.8350
Noise reduction in decibels = 10 loe. & = 10 log,, 220 =
. 10 m . 835

28.5 decibels.
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as usually heard
in conversation.
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Range of speech

Figure 1.~ Decibel scale of sound intensities.

Thresnold of painful sounds; limit of

ear's endurance,

Fig., 1

Threshold of feeling (varies witha freguency).

Airplane motor (1600 rpm ) 18 feet from propeller.

Exoress train passing at high speed.

Loud automobile horn 23! away.

New Yorik subway,

Motor trucks 15! to 50!,
Stencgraphic room.

Average busy street.b

Noigy office or department store.
Moderate restzurant clatter.

Average office

Soft radio music in apartment.
Average residence,

_ Average whisper 4! away.

Rustle of leaves in gentle breeze.

Threshold of audibility.
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